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Abstract
In recent years there has been a great deal of interest in R-parity violating super-
symmetric models. We explain the motivation for studying these models and explore the
various phenomenological consequences of R-parity violation. In particular, we argue that
if we are to explore all channels for the discovery of supersymmetry then these models
must be investigated.
It has become essential for the experimental study of any new model to have a Monte
Carlo event generator which includes the processes predicted by that model. We review the
techniques used in the construction of these simulations and show how we have extended
the HERWIG event generator to include R-parity violating processes. We discuss how to
treat the emission of QCD radiation in these processes including colour coherence effects
via the angular-ordered parton shower.
We then make use of this simulation to investigate the discovery potential for resonant
slepton production, via either supersymmetric gauge or R-parity violating decay modes,
in hadron–hadron collisions. In particular, we show that although the colour coherence
properties of the R-parity violating decay modes can be used to improve the extraction of
a signal above the QCD background these processes will only be visible for large values
of the R-parity violating Yukawa couplings. However a signal, i.e. like-sign dilepton
production, from the supersymmetric gauge decay modes is visible above the background
for much smaller values of the R-parity violating Yukawa couplings.
Finally, we look at the possibility that the KARMEN time anomaly can be explained
by the existence of a light neutralino which is produced in the decay of charged pions via
R-parity violation. This neutralino then decays inside the KARMEN detector, into three
leptons via R-parity violation, explaining the excess of events observed by the KARMEN
experiment.
The road goes ever on and on,
down from the door where it began,
now far ahead the road has gone
and I must follow if I can . . .
J.R.R. Tolkien

To my parents,
this wouldn’t have been possible
without their support and encouragement.
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Chapter 1
Introduction
For more than twenty years the Standard Model (SM) [9] of particle physics has provided
predictions of the results of high energy particle physics experiments. Despite the excellent
agreement between the predictions of this theory and the experimental results it is widely
believed that the Standard Model cannot be a complete theory of everything. This thesis
will be concerned with one possible extension of the Standard Model, R-parity violating
( 6Rp) supersymmetry (SUSY).
In this chapter we will briefly describe the Standard Model, emphasizing the roˆle
that symmetries play in its construction. This will lead to a discussion of a possible
new symmetry of nature, supersymmetry, and the problems in the Standard Model that
it solves. In the most na¨ıve supersymmetric extension of the Standard Model lepton
and baryon number are violated. This leads to fast proton decay, in conflict with the
experimental lower limit on the proton lifetime. This has led to the imposition of a
new symmetry called R-parity (Rp), to prevent the decay of the proton. However, we
will present other symmetries that can prevent proton decay without the imposition of
R-parity. These symmetries lead to the violation of either lepton or baryon number but
not both simultaneously. These models have been much less studied than those which
conserve R-parity. We will therefore briefly discuss the experimental consequences of
R-parity violation.
The next chapter discusses the idea of Monte Carlo simulations and presents the nec-
essary calculations to include R-parity violating processes in these simulations. The sim-
ulation program produced using these results is then used in Chapter 3 to study resonant
slepton production in hadron–hadron collisions. Chapter 4 explores the possibility that
the anomaly seen by the KARMEN experiment1 can be explained by R-parity violation.
The conclusions are presented in Chapter 5.
1.1 Standard Model
In the present view of particle physics the symmetries of the theory play a central roˆle. In
fact, the conventional approach for obtaining the Standard Model Lagrangian is to specify
1The KARMEN collaboration has recently announced new results which are discussed in the Adden-
dum.
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the particle content of the theory and the symmetries it obeys. We can then write the
most general Lagrangian for the particles given the symmetries and the requirement that
the theory be renormalizable, i.e. that the ultraviolet divergences involved in calculations
beyond tree level can be absorbed into the bare parameters of the theory.
In general, we will be considering two types of symmetries. The first is the requirement
that the theory be Lorentz invariant, i.e. obey the laws of special relativity. All the
Lagrangians we will consider will be Lorentz invariant.2 The other symmetries of the
Standard Model are gauge symmetries which lead to gauge field theories. In these theories
the forces between the fundamental particles are mediated by the exchange of spin-1 gauge
bosons. In the Standard Model the electromagnetic force between charged particles is
carried by the photon, the weak force by the W and Z bosons, and the strong force
between coloured particles by the gluon.
All of these theories are based on the simplest example, i.e. Quantum Electrodynam-
ics (QED). The Dirac Lagrangian for n fermions is given by
LDirac =
n∑
i=1
ψ¯i(i∂µγ
µ −mi)ψi, (1.1)
where ψi are the fermionic fields, γ
µ are the Dirac matrices and mi is the mass of the
fermion i. This Lagrangian is invariant under a global phase change
ψi → eiqiαψi, (1.2)
where α is the phase change and qi is an arbitrary flavour-dependent parameter. If instead
we consider a local change of phase, α → α(x), then the Dirac Lagrangian is no longer
invariant under this transformation. The Lagrangian can be made invariant under a local
change of phase by introducing a new vector field, Aµ, which has the kinetic term
Lkinetic = −1
4
F µνFµν , (1.3)
where Fµν = ∂µAν − ∂νAµ. We can introduce an interaction of the vector field with the
fermion via the substitution
∂µ → Dµ = ∂µ + iQAµ, (1.4)
where Dµ is the covariant derivative and Q is the charge operator defined by Qψi = qiψi.
The arbitrary constants qi which we introduced for the case of the global transformation
are the couplings of the fermions to the gauge field. If the vector field transforms as
Aµ → Aµ − ∂µα, (1.5)
2In general by invariant we mean that the Lagrangian is invariant up to the addition of a total
derivative under the symmetry transformation. As we are really interested in the action, S =
∫
d4xL,
the total derivative will lead to a surface term which will vanish provided the fields go to zero as x→∞.
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under a local change of phase then the Lagrangian,
L =
n∑
i=1
ψ¯i(i∂µγ
µ −mi)ψi + Lkinetic, (1.6)
is invariant under a local change of phase. This gives the interactions of the fermions,
e.g. the electron, with the electromagnetic field. This is the simplest example of a gauge
transformation, namely a U(1) transformation. Here the couplings qi are the electric
charges of the fermions. The gauge theories which form the Standard Model are general-
izations of this principle to non-Abelian gauge groups. The non-Abelian gauge transfor-
mation is
ψa(x)→ ψ′a(x) =
[
eiθA(x)t
A
]
ab
ψb(x) ≡ Ωab(x)ψb(x), (1.7)
where θA(x) are the parameters of the transformation and tA are the generators of the
non-Abelian group in the same representation as the fermions. The generalized covariant
derivative has the form
Dµab = δab∂
µ + igtAabA
µ
A, (1.8)
where AµA are the gauge bosons in the adjoint representation of the gauge group and g is
the coupling of the fermion to the gauge field. The non-Abelian gauge transformation for
the gauge field is given by
tAAAµ → tAA′Aµ = Ω(x)tAAAµΩ−1(x) +
i
g
(∂µΩ(x)) Ω
−1(x). (1.9)
The Lagrangian for the non-Abelian gauge theory can then be constructed
L = Lgauge + Lfermion, (1.10)
where
Lgauge = −1
4
FAµνF
µν
A , (1.11a)
Lfermion = ψ¯a (iDµγµ −m)ab ψb. (1.11b)
The generalization to a non-Abelian symmetry of the U(1) field strength tensor is given
by
FAµν = ∂µA
A
ν − ∂νAAµ − gfABCABµACν . (1.12)
The additional terms due to the non-Abelian structure of the field strength tensor lead to
self-interactions of the gauge bosons. These non-Abelian gauge theories form the basis of
the Standard Model. There is a problem because a mass term for the gauge boson, i.e.
Lbosonmass =
1
2
m2AµAA
A
µ , (1.13)
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is not gauge invariant and therefore cannot be included in the Lagrangian. However in
the Standard Model the bosons which mediate the weak force, i.e. the W and Z bosons,
are massive. There is a way of including a mass for the gauge bosons in a gauge-invariant
manner. This is called the Higgs mechanism [10]. It is easiest to illustrate this mechanism
by considering the simplest example, i.e. a U(1) gauge field coupled to a scalar field with
the following Lagrangian
L = Lderivative − V (φ) = (Dµφ)∗(Dµφ)− V (φ), (1.14)
where φ is a complex scalar field and Dµ is given by Eqn. 1.4. Here the charge operator
acts on the scalar field, i.e. Qφ = qφ, where q is the coupling of the gauge field to the
scalar field. The most general renormalizable, gauge-invariant potential has the form
V (φ) = µ2φ∗φ+ λ(φ∗φ)2. (1.15)
The shape of the potential depends on the sign of µ2:
1. if µ2 > 0 then the minimum of the potential is at |φ| = 0;
2. if µ2 < 0 then the minimum of the potential is at |φ|2 = −µ2
2λ
≡ v2
2
.
For the case µ2 < 0 we must consider fluctuations of the field about its ground state,
which rather than being φ = 0 is a point on the circle |φ| = v/√2. This breaks the
symmetry because while any point on the circle |φ| = v/√2 is equally likely only one of
these points gets chosen. We can consider fluctuations by rewriting the field as
φ =
1√
2
(v + ρ) ei(ξ/v+θ), (1.16)
where ρ and ξ are real scalar fields and veiθ/
√
2 is the point on the circle |φ| = v/√2
about which we are expanding the field. The covariant derivative part of the Lagrangian
can be expanded in terms of these fields,
Lderivative = 1
2
[
i (v + ρ)
{
qAµ +
1
v
∂µξ
}
+ ∂µρ
]
×
[
−i (v + ρ)
{
qAµ +
1
v
∂µξ
}
+ ∂µρ
]
.
(1.17)
We can then perform a gauge transformation on this Lagrangian,
Aµ → Aµ − 1
qv
∂µξ, (1.18)
to eliminate all dependence on the field ξ. This choice of gauge is called the unitary gauge.
In the unitary gauge the Lagrangian is
L = −1
4
FµνF
µν +
1
2
v2q2AµAµ +
1
2
∂µρ∂
µρ
+
1
2
(2vρ+ ρ2)q2AµAµ − 1
4
µ2v2 + µ2ρ2 − λvρ3 − λ
4
ρ4. (1.19)
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This Lagrangian represents a massive gauge boson with mass M2A = q
2v2, a massive
real scalar field with mass m2ρ = −2µ2, the self-interactions of the scalar field and its
interactions with the gauge boson. This mechanism allows us to introduce a gauge boson
mass term in a manifestly gauge-invariant way. In this process the initial complex scalar
field φ possesses two degrees of freedom, whereas the real scalar field ρ has only one degree
of freedom. The second degree of freedom has been ‘eaten’ to provide the longitudinal
polarization of the massive gauge boson, which has three degrees of freedom rather than
the two degrees of freedom of a massless gauge boson.
This theory describes a massive U(1) gauge boson, i.e. a massive photon. Although
in the Standard Model the photon is massless the gauge bosons which mediate the weak
force, the W and Z, are massive and their masses are generated by a generalization of this
mechanism to non-Abelian symmetries.
We can now discuss the two theories which form the Standard Model in slightly more
detail, i.e. Quantum Chromodynamics which describes the strong force and the Glashow-
Weinberg-Salam model [9] which describes the electroweak force.
1.1.1 Quantum Chromodynamics
Quantum Chromodynamics (QCD) describes the colour force between the quarks which
is carried by the exchange of gluons. The Lagrangian is
LQCD = −1
4
FAµνF
µν
A +
∑
i
q¯ia (iDµγ
µ −mi)ab qib, (1.20)
where FAµν is the non-Abelian field strength tensor given by Eqn. 1.12, q
i are the quark
fields with mass mi and the covariant derivative D
µ
ab is given by Eqn. 1.8. This is an
SU(3) gauge theory based on the general non-Abelian theory we have already consid-
ered. The fermions are in the fundamental representation of SU(3) and the gauge bosons,
i.e. the gluons, in the adjoint representation. There are some subtleties involved in quan-
tizing non-Abelian gauge theories which are discussed in, for example, [11,12]. The major
difference between this non-Abelian theory and, for example, QED is the presence of self-
interactions of the gauge bosons due to the different structure of the field strength tensor,
Eqn. 1.12.
This theory possesses two important features which occur due to the running of the
coupling, i.e. the fact that after we renormalize the theory the coupling depends on the
energy scale at which it is evaluated. This is described in terms of the β-function
Q2
∂αS(Q
2)
∂Q2
= β(αS), (1.21)
where αs = g
2
s/(4π), gs is the strong coupling and Q is the energy scale at which the
coupling is calculated. To leading order in αs the β-function is given by
β(αs) = −α2s
(11CA − 2nf)
12π
, (1.22)
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where CA is the Casimir in the adjoint representation and nf is the number of massless
quark flavours. The quarks can be considered as effectively massless for energy scales
Q≫ mi. The important features of QCD are due to the sign of this β-function. Given
that CA = 3 for SU(3), the β-function is negative for less than 17 quark flavours. Six
quark flavours have currently been discovered, so even at energy scales above the top
quark mass the β-function is negative. This leads to the following properties of QCD:
1. Asymptotic freedom. The coupling decreases as the energy scale at which it is
evaluated increases. Hence if we are dealing with high energy processes we can use
perturbation theory in the small coupling constant to calculate physical quantities.
In general, we can only make use of this fact if the quantity we are calculating is
infra-red safe, i.e. does not have large corrections due to long-range physics.
2. Confinement. At low energies the coupling becomes large and we can no longer use
perturbation theory to perform calculations. No free quarks or gluons have been
observed experimentally. All the quarks and gluons are bound together to give the
hadrons which are observed. These bound states either contain a valence quark–
antiquark pair, a meson, or three valence quarks, a baryon. These bound states also
contain gluons which bind the quarks together and a sea of virtual quark–antiquark
pairs produced by gluon splitting.
1.1.2 Electroweak Theory
A major success of quantum field theory in general, and gauge theories in particular, is
the unification of the electromagnetic and weak forces into a single gauge theory [9]. This
theory has the symmetry group SU(2)L × U(1). The Lagrangian is given by
Lelectroweak = LHiggs + Lgauge + Lfermions, (1.23)
where LHiggs, Lgauge and Lfermions are the Lagrangians for the Higgs field, the gauge fields
and the fermions respectively,
LHiggs = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2, (1.24a)
Lgauge = −1
4
FAµνF
µν
A −
1
4
BµνB
µν , (1.24b)
Lfermions =
∑
fermions
ψ¯f,Liγ
µDµψf,L + ψ¯f,Riγ
µDµψf,R − ψ¯f,Lgff ′φψf ′,R − ψ¯f,Rg∗ff ′φ†ψf ′,L.
(1.24c)
We have two gauge fields. The first is the SU(2)L field, W
A
µ , with field strength ten-
sor, FAµν . This field is in the adjoint of SU(2)L, i.e. an SU(2)L triplet with coupling g.
The associated charge is called weak isospin. The second gauge field is the U(1) field,
Bµ, with field strength tensor Bµν and coupling g
′. The associated U(1) charge is called
hypercharge, by analogy with the electric charge of QED. The fields ψf,L =
1
2
(1−γ5)ψ are
the left-hand components of the fermion fields and are SU(2)L doublets, as is the Higgs
field φ. This is because experimentally the W bosons only couple to left-handed fermions.
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The fields ψf,R =
1
2
(1 + γ5)ψ are the right-hand components of the fermion fields and are
SU(2)L singlets, because they do not couple to the W bosons. The coupling, gff ′ , of the
Higgs fields to the fermions f and f ′ is only non-zero for those combinations of fermions
which give a gauge-invariant term in the Lagrangian.
We will first consider the Higgs part of the Lagrangian, LHiggs. The structure of the
Higgs potential is the same as that which we considered for the U(1) case, Eqn. 1.15. Here
we take the vacuum state to be
φ =
(
0
v
)
, (1.25)
and expand about this point in terms of one real field and three angles in SU(2)L space
to give the mass terms for the gauge bosons,
Lmassgauge =
1
4
g2v2W+µ W
−µ +
1
4
g2v2W 0µW
0µ − 1
2
gg′v2W 0µB
µ +
1
4
g′2v2BµB
µ. (1.26)
After the breaking of the SU(2)L symmetry there are two neutral gauge bosons, W
0 and
B, which mix to give mass eigenstates A and Z0,
Aµ = cos θWBµ + sin θWW
0
µ , (1.27a)
Zµ = − sin θWBµ + cos θWW 0µ , (1.27b)
where the weak mixing angle is given by tan θW =
g′
g
. This gives the mass terms for the
gauge bosons in terms of the physical fields,
Lmassgauge =
1
4
g2v2W+µ W
−µ +
g2v2
4 cos2 θW
Z0µZ
0µ. (1.28)
Hence the gauge boson masses are
M2W =
1
2
g2v2, (1.29a)
M2Z =
g2v2
2 cos2 θW
, (1.29b)
M2A = 0. (1.29c)
So by using the Higgs mechanism masses have been generated for the gauge bosons car-
rying the weak force, i.e. the W and Z, while leaving the photon massless.
As with QCD the second term in Eqn. 1.23, Lgauge, contains the kinetic energy terms
for the gauge fields and terms which lead to interactions between the gauge bosons, for
example the interaction of the photon with the W± bosons. These gauge boson interaction
terms will not be important for the rest of the discussion of the Standard Model and of
supersymmetry.
The final term in the Lagrangian, Eqn. 1.23, gives the interactions of the gauge and
Higgs bosons with the Standard Model fermions. Using Eqn. 1.27 we can express the
couplings of the fermions to the photon and the Z in terms of their hypercharge and
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Fermion Hypercharge, Y Isospin t3 Charge, Q
dR −23 0 0 −13
uR +
4
3
0 0 2
3(
u
d
)
L
+1
3
1
2
+1
2
−1
2
+2
3
−1
3
e−R −2 0 0 −1(
νe
e−
)
L
−1 1
2
+1
2
−1
2
0
−1
Table 1.1: Gauge quantum numbers of the Standard Model fermions.
isospin:
photon couplings = (t3 +
1
2
Y )g sin θW ≡ Qe, (1.30a)
Z couplings = (t3 cos2 θW − 1
2
Y sin2 θW )
g
cos θW
= (t3 −Q sin2 θW ) g
cos θW
, (1.30b)
where t3 is the third component of the weak isospin, Y is the hypercharge and e is the
magnitude of the electron’s electric charge. The hypercharge is assigned given the weak
isospin and electric charges, Q, of the fermions, i.e. Y = 2(Q− t3). This gives the charges
in Table 1.1.
The Feynman rules for the interactions of the Standard Model fermions with the gauge
bosons are given in Appendix A. The relevant Lagrangian is given in Eqn.A.48 with the
Feynman rules given in Fig.A.8.
This only leaves the problem of generating a mass for the fermions. Simply adding
a Dirac mass term, as in Eqn. 1.1, violates the gauge invariance of the theory. We can
reexpress the Dirac mass term in terms of the left- and right-handed fields,
LmassDirac = −mψ¯ψ ≡ −m
(
ψ¯LψR + ψ¯RψL
)
. (1.31)
As the SU(2)L gauge transformation only acts upon the left-handed fields this term is
not gauge invariant. This is the origin of the last two terms in Eqn. 1.24c which couple
the Higgs field and the fermions in a gauge-invariant manner. After the breaking of the
electroweak symmetry this gives fermion masses,
Lmassfermions = −geev (e¯LeR + e¯ReL)− gddv
(
d¯LdR + d¯RdL
)− guuv (u¯LuR + u¯RuL), (1.32)
by defining mf = gffv the fermions obtain a mass in a gauge-invariant way. Here we
have only considered one generation of fermions. It should be noted that to give mass to
both the up- and down-type quarks we have used both the Higgs field φ and its hermitian
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conjugate φ†.
In general, with the three generations of fermions which have been discovered exper-
imentally, the mass eigenstates of the fermions and their weak interaction states can be
different. We must write down all the possible terms in the Lagrangian which are invariant
under the symmetries and are renormalizable. We obtain the following Lagrangian
Lmassfermions = −v
(
d¯L s¯L b¯L
) gdd gds gdbgsd gss gsb
gbd gbs gbb
 dRsR
bR

−v ( u¯L c¯L t¯L )
 guu guc gutgcu gcc gct
gtu gtc gtt
 uRcR
tR
+ h.c. (1.33)
= −D¯LMdDR − U¯LMuUR + h.c., (1.34)
where DL,R is a vector containing the three (left/right) down-type quark fields and UL,R
is a vector containing the three (left/right) up-type quark fields. Md and Mu are the mass
matrices for the up- and down-type quarks, respectively. This leads to mixing between
the quark generations.3 The fields in Eqn. 1.34 are the weak interaction eigenstates. We
can express Eqn. 1.34 in terms of the mass eigenstates by applying separate rotations
to the left- and right-handed components of the quark fields. If we rotate the left-hand
components of the field by the unitary matrix L and the right-hand components by the
unitary matrix R we can obtain a diagonal mass matrix, M ′ = LMR†. We will need
different rotation matrices for the up- and down-type quarks which we shall denote with
the subscripts u and d, respectively. We must also rotate the quark fields in the other
terms in the Standard Model Lagrangian. The neutral-current part of the electroweak and
the QCD Lagrangians are flavour diagonal in terms of either the mass or weak interaction
eigenstates. The only parts of the Lagrangian which are not are those which involve the
coupling of the W boson to the quark fields. These terms involve the combination of fields
WU¯LDL = WU¯ ′LLuL
†
dD
′
L ≡WU¯ ′LV D′L, (1.35)
where V = LuL
†
d is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix. We can
therefore work in a physical, i.e.mass, basis for the quarks and simply include the relevant
element of the CKM matrix at the vertex coupling the W boson to the quarks. This is
the only physical combination of the rotation matrices and can be associated with the
down-type quarks.
1.1.3 Symmetries of the Standard Model
In addition to the gauge and Lorentz symmetries of the Standard Model there are a
number of other symmetries. These symmetries are consequences of the gauge and Lorentz
symmetries and the requirement that the Standard Model be renormalizable.
3If the neutrino is massless and the right-handed neutrino does not exist there can be no mixing
between the lepton generations. However, as we now believe the neutrinos are massive, it is possible that
the leptons also undergo mixing.
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In particular there are two symmetries4 which will be important in the rest of this
thesis:
Lepton Number. We assign a quantum number, called lepton number, such that the
lepton fields have lepton number +1, the antileptons have lepton number −1 and all
the other fields have lepton number zero. The electroweak Lagrangian, Eqn. 1.23,
conserves this quantum number.
Baryon Number. We assign the baryon number such that the quarks have baryon num-
ber +1/3, the antiquarks baryon number −1/3 and all the other fields have baryon
number zero. This is done so that the baryons, e.g. the proton, have baryon num-
ber +1. Both the QCD Lagrangian, Eqn. 1.20, and the electroweak Lagrangian,
Eqn. 1.23, respect this symmetry.
The important point to note for the rest of the thesis is that we did not construct the
Lagrangian to have these symmetries. It is impossible to write down a term in the La-
grangian which is renormalizable, Lorentz and gauge invariant, but violates these discrete
symmetries given the particle content of the Standard Model. This is important as in a
supersymmetric theory it is possible to have terms in the Lagrangian which are renormal-
izable, Lorentz and gauge invariant, but violate either lepton or baryon number.
1.2 Supersymmetry
Despite the great success of the Standard Model in explaining all the current experimental
results it is widely believed that it cannot be a complete theory, if for no other reason
than that it does not include gravity. The Standard Model is viewed as some low-energy
effective theory of some larger theory which may be:
• a grand unified theory (GUT) in which the gauge group of the Standard Model is
unified as a part of a larger gauge group, e.g. SU(5);
• a string theory which would also include gravity.
This theory would hope to explain, for example, why there are three generations of
fermions and predict some of the free parameters of the Standard Model, e.g. the particle
masses. While supersymmetry does not provide a solution to any of these questions it
does provide a solution to other problems in the Standard Model such as the hierarchy
problem, which we will discuss in Section 1.2.2.
We will first discuss the idea of supersymmetry, followed by the problems it solves
and other reasons for favouring it as a possible extension of the Standard Model. The
simplest supersymmetric extension of the Standard Model is then discussed in some detail,
concentrating on those parts of the theory which will be important in the rest of this thesis.
4These symmetries are violated in the Standard Model by non-perturbative effects [13].
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1.2.1 Introduction to Supersymmetry
The basic idea of supersymmetry is that for every bosonic degree of freedom there is a cor-
responding fermionic one. Therefore the operator Q, which generates the transformation
from a boson to a fermion must be a spinor and fermionic, i.e.
Q|Fermion〉 = |Boson〉, (1.36a)
Q|Boson〉 = |Fermion〉. (1.36b)
These fermionic generators form part of an extended Poincare´ group. In addition to the
standard algebra for the generators of the Poincare´ group
[P µ, P ν] = 0, (1.37a)
[Mµν , P ρ] = i(gνρP µ − gµρP ν), (1.37b)[
Mµν ,Mρλ
]
= i(gνρMµλ + gµλMνρ − gµρMνλ − gνλMµρ), (1.37c)
we have the following relations for the anti-commuting generator Q,
[Qα, Pµ] = [Q¯α˙, Pµ] = 0, (1.38a)
{Qα, Qβ} = {Q¯α˙, Q¯β˙} = 0, (1.38b)
[Mµν , Qα] = −i(σµν)αβQβ, (1.38c)[
Mµν , Q¯α˙
]
= −i(σ¯µν)α˙β˙Q¯β˙, (1.38d)
{Qα, Q¯β˙} = 2σµαβ˙Pµ. (1.38e)
The generators Q and Q¯ are two-component left- and right-handed Weyl spinors, respec-
tively. We use the index α (or β) to denote the component of the left-handed spinors and
the index α˙ (or β˙) to denoted the component of the right-handed spinors, since the two
types of spinors transform differently under Lorentz transformations.
This gives a closed algebra for the extended Poincare´ group with the addition of the
fermionic generator Q. As with the Poincare´ group we can construct Lagrangians which
are invariant under this symmetry. For example the simplest possible supersymmetric
Lagrangian contains a complex field φ, with two degrees of freedom, and a Weyl fermion
ψ, also with two degrees of freedom. The Lagrangian [14]
L = ∂µφ∗∂µφ+ iψ¯σ¯µ∂µψ, (1.39)
is invariant under the supersymmetry transformation
δφ =
√
2ξψ, (1.40a)
δψ = i
√
2∂µφσ
µξ¯, (1.40b)
where we have a spinor parameter ξ for the transformation. While it is easier to con-
struct the Lagrangian for a supersymmetric theory in two-component notation, using Weyl
spinors, to actually derive the Feynman rules we will use the standard four-component
notation with Dirac spinors. In this case for every Standard Model Dirac fermion with
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four degrees of freedom there will be two corresponding complex scalar fields, each with
two degrees of freedom. Similarly the massless gauge bosons of the Standard Model which
each have two degrees of freedom, i.e. two polarizations, will have as partners a Majorana
fermion with two degrees of freedom. The particles and their superpartners will have the
same mass, and the masses of the massive gauge bosons and gauginos are generated via
the Higgs mechanism.
1.2.2 Motivations for Supersymmetry
As none of the superpartners of the Standard Model fields have been observed supersym-
metry cannot be an exact symmetry, i.e. it must be broken in such a way that most of
the superpartners are more massive than their Standard Model partners.5 Despite this
there are a number of theoretical reasons for favouring a supersymmetric extension of the
Standard Model:
1. Coleman-Mandula Theorem.
Perhaps the most persuasive argument in favour of supersymmetry is based on the
Coleman-Mandula theorem [15]. As we saw in Section 1.1 the Standard Model can
be constructed by imposing the symmetries of the theory, i.e. gauge and Lorentz
invariance, and by the requirement that the theory is renormalizable. It is there-
fore interesting to consider possible extensions of these symmetries, e.g. by unifying
the gauge groups of the Standard Model into one group. However if we consider
possible extensions of the Poincare´ group, Coleman and Mandula showed that the
addition of any new generators which transform as bosons leads to a trivial S-matrix,
i.e. in particle scattering experiments the particles could only scatter through cer-
tain discrete angles, which is not observed. While extending the Poincare´ group
with additional bosonic generators is forbidden by this theorem we can extend the
group with generators which transform as fermions. It was later shown [16] that
supersymmetry is the only possible extension of the Poincare´ group which does not
lead to a trivial S-matrix.
2. Hierarchy Problem.
A second argument in favour of supersymmetry can be seen by considering the one-
loop corrections to the Higgs mass, given by the diagrams in Fig. 1.1. In particular,
if we only consider the fermion loops we get a contribution
δM2Hf = ΠH(M
2
H), (1.41)
where
iΠH(p
2) = −|gf |
2
4
∫
d4k
(2π)4
tr [(k6 +p6 +mf)(k6 +mf )][
(k + p)2 −m2f
] [
k2 −m2f
] (1.42)
5Given the current experimental limits apart from the supersymmetric partners of the top quark all
the sfermions must be heavier than their Standard Model partners.
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Figure 1.1: One-loop contributions to the Higgs mass.
and gf = mf/v is the coupling of the fermion to the Higgs field. Na¨ıvely, from power
counting, this diagram is quadratically divergent. This divergence can be regulated
by imposing a cut-off, Λ, giving the following result
δM2Hf =
|gf |2
16π2
[−2Λ2 + 6m2f ln (Λ/mf)], (1.43)
where we have neglected terms which are finite in the limit Λ→∞.
The Standard Model Higgs mass depends quadratically on the cut-off scale, Λ. This
is not a problem provided that we renormalize the theory and absorb the divergent
terms into a redefinition of the Higgs mass. However if we take the modern view
that the Standard Model is only a low-energy effective theory we would expect the
cut-off to be the scale of new physics, e.g. the GUT or Planck scale. This means that
the natural value of the Higgs mass is 1014−1017 GeV rather than the upper limit of
around 300 GeV suggested by the precision electroweak data. This is the hierarchy
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Figure 1.2: Contribution to the Higgs mass from an extra scalar field.
problem, i.e. the natural scale for the Higgs mass is the scale of new physics. We
would therefore have to tune the bare Higgs mass in the Standard Model,
M2H =M
2
Hbare + δM
2
H , (1.44)
in order to obtain a Higgs mass at the electroweak scale. If we require the Higgs
mass to be around the electroweak scale the cancellation between MbareH and δMH
must be ∼ 1 part in 1012 which requires an enormous fine-tuning to the parameters
of the bare Lagrangian.
We can see how this problem is solved by supersymmetry by considering an ad-
ditional scalar field [17] which interacts with the Higgs boson via the Lagrangian
L = −λsφ2sH2S2. This gives an extra one-loop contribution, Fig. 1.2, to the Higgs
mass
δM2HS =
λs
16π2
(
Λ2 − 2M2S ln (Λ/MS)
)
, (1.45)
where we have again neglected terms which are finite in the limit Λ→∞. In super-
symmetry, as we have two complex scalar fields for each Dirac fermion, this contri-
bution will cancel the contribution from the fermion loops provided that λS = |gf |2,
which is the case if supersymmetry is unbroken.
3. Supersymmetric Grand Unified Theories.
The idea in grand unified theories is that at some high scale the strong and elec-
troweak forces can be unified into a single gauge theory, the simplest example being
SU(5). This is supported by the running of the couplings measured by the LEP
experiments. If we evolve the couplings from their values at current day collider
energies the strong, electromagnetic and weak couplings seem to unify at about
1016 GeV. However, in the Standard Model these couplings do not quite unify. If
we introduce new particles into the spectrum, as in supersymmetry, this will change
the evolution of the couplings with energy and in a supersymmetric theory the cou-
plings do indeed unify. While this may seem to favour SUSY as an extension of
the Standard Model, the unification of the couplings can also be achieved by the
addition of other kinds of new particles into the spectrum.
While there are many theoretical reasons, i.e. the Coleman-Mandula theorem and
the hierarchy problem, and perhaps even the suggestion that we need supersymmetry, or
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some other new physics if we want the couplings to unify, there is no direct experimental
evidence for supersymmetry. Supersymmetry is a very elegant theory but this does not
mean that it is realized in nature. However, as one possible extension of the Standard
Model, it has a number of attractive theoretical features and we must investigate whether
it is indeed a symmetry of nature.
1.2.3 Construction of Supersymmetric Lagrangians
In principle we can start from the particle content of the theory and write the most general
Lagrangian consistent with the symmetries and renormalizablity. However for supersym-
metric theories it is easier to construct the supersymmetrically-invariant Lagrangian using
the superfield formalism rather than the basic bosonic and fermionic fields. A more de-
tailed description of this formalism can be found in, for example, [18–20].
The momentum operator and the generators, Q and Q¯, of the SUSY transformations
form a sub-group of the extended Poincare´ group. This allows us to construct a function
S(xµ, θ, θ¯), the superfield, which is a linear representation of this sub-group. The change
in this function induced by the action of a member of the sub-group,
G(aµ, ξ, ξ¯) = exp i(ξQ+ ξ¯Q¯− aµPµ), (1.46)
is generated by
Pµ = i∂µ, (1.47a)
Qα = −i ∂
∂θα
− σµαα˙θ¯α˙∂µ, (1.47b)
Q¯α˙ = i
∂
∂θ¯α˙
+ θασµαα˙∂µ, (1.47c)
where ξ, ξ¯, θ and θ¯ are anti-commuting Grassmann variables which transform as Weyl
spinors. Further derivatives which anti-commute with the generators can also be defined
Dα =
∂
∂θα
+ iσµαα˙θ¯
α˙∂µ, (1.48a)
D¯α˙ = − ∂
∂θ¯α˙
− iθασµαα˙∂µ. (1.48b)
The general superfield, S(xµ, θ, θ¯), is a reducible representation of the supersymmetric al-
gebra. However, we can obtain irreducible representations by imposing further conditions:
D¯α˙S = 0 chiral superfield; (1.49a)
S† = S vector superfield. (1.49b)
It should be noted that because θ and θ¯ are two-component Grassmann variables the
expansion of the superfield as a power series in θ and θ¯ cannot involve terms with more
than two powers of θ or θ¯. The chiral superfield can be written as an expansion in terms
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of the Grassmann variables θ and θ¯ giving
Φ(xµ, θ, θ¯) = φ(x) +
√
2θψ(x) + θθF (x) + i∂µφ(x)θσ
µθ¯
− i√
2
θθ∂µψ(x)σ
µθ¯ − 1
4
∂µ∂µφ(x)θθθ¯θ¯. (1.50)
This superfield includes a Weyl spinor, ψ, and a complex scalar field, φ. The field F is
an auxiliary field which can be eliminated using the equations of motion. The component
fields transform in the following way under the SUSY transformation:
δφ =
√
2ξψ; (1.51a)
δψ =
√
2ξF + i
√
2∂µφσ
µξ¯; (1.51b)
δF = i
√
2∂µψσ
µξ¯. (1.51c)
This is the left chiral superfield, the right chiral superfield can be obtained by taking the
hermitian conjugate. We refer to the coefficient of the θθ term as the F -term. Eqn. 1.51c
shows that the change, under the SUSY transformations, of the F -term is a total deriva-
tive. Hence the F -term is suitable for use as a supersymmetrically-invariant Lagrangian.
Similarly, the vector superfield can be expanded in powers of θ and θ¯,
S(xµ, θ, θ¯) = C(x) + iθχ(x)− iθ¯χ¯(x) + i
2
θθ [M(x) + iN(x)]
− i
2
θ¯θ¯ [M(x)− iN(x)] + θσµθ¯Vµ(x)
+iθθθ¯
[
λ¯(x) +
i
2
σ¯µ∂µχ(x)
]
− iθ¯θ¯θ
[
λ(x) +
i
2
σµ∂µχ¯(x)
]
+
1
2
θθθ¯θ¯
[
D(x)− 1
2
∂µ∂
µC(x)
]
, (1.52)
where the real scalar fields C, M , N and the Weyl fermion χ can be eliminated by a
SUSY gauge transformation leaving the physical degrees of freedom, i.e. the gauge field
Vµ and its superpartner gaugino field λ, and the auxiliary field D. The component fields
transform in the following way under the SUSY transformations:
δC = i
(
ξχ− ξ¯χ¯); (1.53a)
δλα = −iDξα − 1
2
(σµσ¯ν)α
βξβ (∂µVν − ∂νVµ); (1.53b)
δV µ = i
(
ξσµλ¯− λσµξ¯)− ∂µ (ξχ+ ξ¯χ¯); (1.53c)
δD = ∂µ
(−ξσµλ¯+ λσµξ¯). (1.53d)
Here the variation of the coefficient of the θθθ¯θ¯ term, the D-term, is a total derivative
and hence this can also be used as a supersymmetrically-invariant Lagrangian.
Using these superfields we can construct supersymmetric Lagrangians. In the super-
symmetric extension of the Standard Model we will use left chiral superfields to represent
the left-hand components of the Standard Model fermions, together with their super-
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partners, and right chiral superfields to represent the right-hand components, and their
superpartners. The gauge bosons are represented by vector superfields.
Here we will only consider how to construct the Lagrangian for the chiral superfields
as these are the terms in the supersymmetric Lagrangian we are interested in. This can be
done by taking products of chiral superfields. In particular the product of two left chiral
superfields is also a left chiral superfield. Hence the F -term of a product of left chiral
superfields can be used to give a suitable term in the Lagrangian. The product of a left
and a right chiral superfield gives a vector superfield. The D-term of the product of a left
and a right chiral superfield can therefore also be used to give a term in the Lagrangian.
The simplest example of this is a single left chiral superfield. We can form the product
of this field with its hermitian conjugate and take the D-term. This gives
[ΦΦ†]θθθ¯θ¯ = FF
† + ∂µφ∗∂µφ+ iψ¯σ¯µ∂µψ, (1.54)
which, after eliminating the auxiliary field F using the equations of motion, is the La-
grangian given in Eqn 1.39. Therefore using the D-term of the product of the superfield
and its hermitian conjugate we can form the kinetic term for the fermionic field and its
superpartner. We can add interaction and mass terms to this theory by taking products of
the left chiral superfields. This can be done by forming the superpotential for the theory.
For example, in a theory with only one chiral superfield,
W(Φ) =
m
2
ΦΦ +
λ
3
ΦΦΦ. (1.55)
In general we can only include terms which are at most cubic in the superfields in order
for the theory to be renormalizable. This gives the interaction Lagrangian
L = [W (Φ)]θθ + h.c., (1.56)
= m(φF − 1
2
ψψ) + λ(φ2F − φψψ) + h.c.. (1.57)
We can then write the full Lagrangian for this theory and use the equations of motion to
eliminate the auxiliary field F,
F † = −mφ− λφ2, (1.58)
giving the result
L = [ΦΦ†]θθθ¯θ¯ + ([W (Φ)]θθ + h.c.), (1.59)
= ∂µφ
∗∂µφ+ iψ¯σ¯µ∂µψ − |λφ2 +mφ|2 −
(m
2
ψψ + λψψφ+ h.c.
)
. (1.60)
By taking the relevant combinations of the chiral superfields, the kinetic terms and the
interactions of the chiral fields with each other can be constructed. In general the super-
potential gives the Yukawa-type interactions and part of the scalar potential of the theory.
Similarly the kinetic energy terms of the gauge fields and their supersymmetric partners
can be constructed, as well as the interactions of the vector and chiral superfields. In the
next section we will construct a supersymmetric extension of the Standard Model using
these superfield techniques.
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Superfields Bosonic Fields Fermionic Fields SU(3)C SU(2)L Y
Field Type
Gauge Multiplets
Ga Vector Gluons Gluinos Octet Singlet 0
W a Vector W Winos Singlet Triplet 0
Ba Vector B Bino Singlet Singlet 0
Matter Multiplets
Li Left Chiral (ν˜L, ℓ˜
−
L) (νL, ℓL) Singlet Doublet −1
Ei Right Chiral ℓ˜
−
R ℓR Singlet Singlet −2
Qi Left Chiral (u˜L, d˜L) (uL, dL) Triplet Doublet 1/3
Ui Right Chiral u˜R uR Triplet Singlet 4/3
Di Right Chiral d˜R dR Triplet Singlet −2/3
Higgs Multiplets
H1 Left Chiral (H
1
1 , H
2
1 ) (H˜
0
1 , H˜
−
1 )L Singlet Doublet −1
H2 Left Chiral (H
1
2 , H
2
2 ) (H˜
+
2 , H˜
0
2 )L Singlet Doublet 1
Table 1.2: Superfields in the Minimal Supersymmetric Standard Model (MSSM). The subscript
i = 1, 2, 3 gives the generation of the matter fields.
1.2.4 The Minimal Supersymmetric Standard Model
We can construct the minimal supersymmetric extension of the Standard Model by in-
cluding the superpartners of the Standard Model particles and then using the superfield
formalism to construct the most general renormalizable supersymmetrically- and gauge-
invariant Lagrangian. In the supersymmetric version of the Standard Model we cannot
use the same Higgs boson to give mass to both the up- and down-type quarks. Hence we
need two SU(2)L doublet Higgs fields to give all the particles in the theory mass. This
gives the particle content in Table 1.2.
The Standard Model is extended by including the superpartners of all the Stan-
dard Model particles. As with the Standard Model we should write down the most
general Lagrangian consistent with the symmetries of the theory and renormalizablity.
This means we should write down the most general renormalizable supersymmetrically-
invariant theory consistent with the gauge symmetries. The most general renormalizable
gauge-invariant superpotential is given by
W =WMSSM +W 6Rp, (1.61)
where
WMSSM = −hEijεabLaiHb1Ej − hDijεabQaiHb1Dj + hUijεabQaiHb2U j + µεabHa1Hb2, (1.62)
W 6Rp =
1
2
λijkε
abLiaL
j
bE
k
+ λ′ijkε
abLiaQ
j
bD
k
+
1
2
λ′′ijkε
c1c2c3U
i
c1D
j
c2D
k
c3 + κiε
abLiaH
2
b ,
(1.63)
using the superfields given in Table 1.2. Here a, b = 1, 2 are the SU(2)L indices,
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Figure 1.3: 6Rp proton decay, p→ π0e+.
c1, c2, c3 = 1, 2, 3 are the SU(3)C indices and i, j, k = 1, 2, 3 are the generations of the
matter fields. As we can only include left chiral superfields in the superpotential we must
take the hermitian conjugate, denoted with a bar, of the right chiral superfields. An-
other consequence of the requirement that we can only use left chiral superfields in the
superpotential is that we cannot use the conjugate of the Higgs field to give mass to both
the up- and down-type quarks, as in the Standard Model, and we therefore need two
Higgs doublets to give mass to both types of quark. The first term in this superpotential,
WMSSM, gives the Yukawa terms of the Standard Model and the additional terms required
by supersymmetry. However the second term6 W 6Rp gives additional interactions. A re-
cent summary of the bounds on the couplings in Eqn. 1.63 can be found in [21]. This
superpotential gives, for example from the third term, interactions of a squark and two
quarks or of four squarks. When combined with the MSSM superpotential,WMSSM, there
are also terms involving the interactions of three squarks/sleptons with a Higgs boson.
The presence of this second term in the superpotential, W 6Rp, leads to a problem with the
supersymmetric extension of the Standard Model. If we consider the second two terms of
Eqn. 1.63 the proton can decay by the process shown in Fig. 1.3.
We can use the experimental limit on the proton lifetime [22]
τ
(
Proton −→ e+π0) > 1032 yr, (1.64)
to obtain a bound on the product of the couplings at the two vertices in Fig. 1.3, as a
function of the exchanged squark mass,
λ′11kλ′′11k . 2× 10−27
(
Md˜kR
100 GeV
)
. (1.65)
Hence as we require that Md˜kR . 1TeV to solve the hierarchy problem the only natural
way to satisfy this bound is to have one of these couplings set to zero. The standard way
to achieve this is to introduce a new multiplicatively conserved quantum number called
6It should be noted that some authors choose to define this superpotential without the factors of one
half in the LLE and UDD terms. This will lead to differences in the Feynman rules, but the results with
this second convention can always be obtained by taking λ or λ′′ to be twice their value in our convention.
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R-parity which is defined as [23]
Rp = (−1)3B+L+2S, (1.66)
where L is the lepton number, B is the baryon number and S is the spin of the particle.
This new quantum number is +1 for the Standard Model particles and −1 for their
SUSY partners. This prevents proton decay by forbidding all the terms in Eqn. 1.63 but
not the terms in Eqn. 1.62. The conservation of R-parity in addition to the symmetries,
i.e. supersymmetry and the Standard Model gauge symmetries, and particle content
defines the Minimal Supersymmetric Standard Model (MSSM). Another symmetry which
has the same effect, but is easier to see at the superfield level, is called matter parity. Here
we change the sign of the matter, i.e. quark and lepton, superfields but not the Higgs or
gauge superfields
(Qi, U¯i, D¯i, Li, E¯i)→ −(Qi, U¯i, D¯i, Li, E¯i), (H1, H2)→ (H1, H2). (1.67)
This also forbids all the terms in Eqn. 1.63 but none of the terms in Eqn. 1.62.
The Lagrangian of the theory can then be specified by taking the relevant combinations
of the superfields and extracting the terms which are invariant under supersymmetry. In
general these Lagrangians are given in [18,24]. The Feynman rules for this new theory can
be found in [18, 24] and the Feynman rules for those interactions that will be important
in this thesis are given in a more general form in Appendix A.
The problem is that in a theory with unbroken supersymmetry the Standard Model
particles and their superpartners would have the same mass. However the superpart-
ners of the known fundamental particles have not been detected experimentally. Thus if
supersymmetry is realized in nature it must be broken.
There are mechanisms, based on either the F - or D-terms developing a non-zero
vacuum expectation value, which spontaneously break supersymmetry. However in these
models there are generally mass sum rules, for example, the supertrace in models with
F -term supersymmetry breaking [25] ,
StrM2 ≡
∑
J
(−1)2J (2J + 1)m2J = 0, (1.68)
where the supertrace, StrM2, denotes the trace of the mass-squared matrix over the real
fields, of spin J. This formula can be modified by radiative corrections. However at tree
level it implies that while one of the superpartners of the Standard Model fermions would
be heavier than the fermion the other would be lighter. This is not observed. Given this
tree-level result, realistic models of broken supersymmetry based on either F - or D-term
supersymmetry breaking are difficult to construct.
The approach which is taken in the MSSM is to add by hand all terms that violate
supersymmetry in such a way that the quadratic divergences, e.g. in the Higgs mass,
are not reintroduced. This is called soft supersymmetry breaking. However soft SUSY
breaking is “ad-hoc” and leads to over one hundred additional parameters [26]. Given the
number of free parameters which must be specified it is also of limited use in experimental
searches.
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Another approach is to break supersymmetry in some “hidden-sector” which only
couples to the MSSM fields via either non-renormalizable operators [19, 27] or loop dia-
grams [28].
In general the supersymmetry breaking in the “hidden-sector” can be due to either
F -term supersymmetry breaking or the production of gaugino condensates [29]. The
two types of models differ in how this supersymmetry breaking is transmitted from the
“hidden-sector” to the “visible-sector”, i.e. the MSSM fields.
In supergravity models the supersymmetry breaking is transmitted to the “visible-
sector” through gravitational interactions, represented by non-renormalizable terms sup-
pressed by inverse powers of the Planck mass. In gauge-mediated models of supersymme-
try breaking new vector fields are introduced which transmit the supersymmetry breaking
between the “hidden-” and “visible-sectors”.
In this thesis we will not be concerned with the details of the supersymmetry-breaking
mechanism. While in principle we could perform all our analyses within the framework of
the MSSM, i.e. by specifying all the soft SUSY-breaking parameters, it is much easier to
work with a smaller set of parameters. We will therefore use the standard supergravity
(SUGRA) scenario where the soft SUSY-breaking masses for the gauginos (M1/2) and
scalars (M0), and the trilinear SUSY-breaking terms (A0) are universal at the GUT scale.
In addition we will require that electroweak symmetry is radiatively broken [30], i.e. the
Higgs mass squared becomes negative due to its renormalization group evolution. This
gives five parameters: the soft masses and trilinear SUSY-breaking terms M1/2, M0, A0,
the ratio of the Higgs vacuum expectation values of the two Higgs doublets tan β and
sgnµ. The absolute value of the µ term in Eqn. 1.62 is fixed by the requirement of
radiative electroweak symmetry breaking.
1.3 R-parity Violating Supersymmetry
In the Standard Model the Lagrangian is constructed by writing down all the terms con-
sistent with the gauge symmetries, renormalizablity and the particle content of the theory.
The discrete symmetries, i.e. lepton and baryon number, then emerge as consequences of
the other symmetries of the theory. However in the construction of the MSSM we were
forced to impose a new discrete symmetry, Rp, to prevent the decay of the proton.
There is no reason to impose R-parity as a symmetry, all that is required is a symmetry
such that either the second or third terms in Eqn. 1.63 are forbidden. We can achieve this
for example by imposing baryon parity,
(Qi, U¯i, D¯i)→ −(Qi, U¯i, D¯i), (Li, E¯i, H1, H2)→ (Li, E¯i, H1, H2), (1.69)
which prevents the third term in Eqn. 1.63. This leads to lepton number violation but no
baryon number violation and hence prevents the decay of the proton. Similarly there are
symmetries, e.g. lepton parity
(Li, E¯i)→ −(Li, E¯i), (Qi, U¯i, D¯i, H1, H2)→ (Qi, U¯i, D¯i, H1, H2), (1.70)
which forbids the second term in Eqn. 1.63 giving baryon number violation with no lepton
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number violation and preventing the decay of the proton.
As we are imposing, by hand, a new multiplicative symmetry on the theory there is
no reason to favour imposing either R-parity or, for example, baryon parity. As there
is no reason for favouring either of these models, if we are to search for supersymmetry
both must be studied. This is particularly important as there are major differences in the
experimental signatures of these processes.
The conservation of Rp in the MSSM gives a number of effects:
• as the initial state in any collider experiment contains only Standard Model particles
SUSY particles must be produced in pairs;
• the lightest supersymmetric particle (LSP) is stable;
• cosmological bounds on electric- or colour-charged stable relics imply that a stable
LSP must be a neutral colour singlet [31].
This leads to a classical signature for supersymmetry in all collider experiments. As the
lightest SUSY particle is stable, any SUSY particle produced will tend to cascade decay
to the LSP. The LSP, which is weakly interacting, will then escape from the detector
without interacting giving missing energy and momentum. This type of signature is part
of most search channels which have been used by experiments to look for Rp-conserving
SUSY.
However when Rp is violated the following can happen:
• single sparticles can be produced;
• the LSP can decay to Standard Model particles;
• the LSP can be any SUSY particle and need not be neutral;
• either lepton or baryon number is violated.
This leads to different approaches for searching for the experimental signatures of these
models. In particular as the LSP can decay, depending on the 6Rp couplings, inside the
detector the standard missing energy and momentum signatures of the MSSM no longer
exist. In general there have been two types of studies of these models: the first has studied
the production of sparticle pairs by Rp-conserving processes followed by 6Rp decays, usually
of the LSP; the second has studied the possibility of single sparticle production via 6Rp
processes.
There has been a great deal of interest in these models in recent years motivated by the
possible explanations of various experimental discrepancies, e.g. [32–40]. It has become
clear that if we are to explore all possible channels for the discovery of supersymmetry
then 6Rp models must be investigated. Recent reviews of R-parity violating models can
be found in [41]. We will now briefly discuss the phenomenology of these two different
scenarios and review the studies which have been made.
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1.3.1 Sparticle Pair Production
In this case the sparticles are produced by MSSM processes, hence the production cross
sections only depend on the parameters of the MSSM. There are a number of possi-
ble scenarios depending on the size of the 6Rp couplings and the lifetime of the lightest
supersymmetric particle:
• For large values of the 6Rp couplings it is possible that particles other than the LSP
will have significant branching ratios for 6Rp decay modes.
• For small values of the 6Rp couplings the main effect is the decay of the LSP. The
experimental situation will depend on the lifetime of the LSP:
1. If the lifetime of the LSP is such that it is stable on collider time scales it
can escape the detector before it decays. The experimental search strategy
depends on the nature of the LSP. If it is the lightest neutralino the searches
are identical to those for the MSSM. However if the LSP is charged it can be
also be detected. In this case, it would look like a muon in the detector apart
from losing energy due to ionization at a different rate, due to the different
mass. There have been a number of searches for these heavy stable charged
particles [42].
2. The LSP lifetime can be such that while it decays inside the detector it can
travel a significant distance away from the primary interaction point before
decaying. There has been little study of this case.
3. If the LSP lifetime is sufficiently short it will decay at the primary interaction
point. This is the case which has been most studied.
The signatures in the case where the LSP decays inside the detector depend on whether
lepton or baryon number is violated and we will briefly consider both of these cases:
• If lepton number is violated the typical experimental signature now involves large
numbers of high transverse momentum leptons in the final state which can be easily
detected by collider experiments. In some ways more information can potentially be
extracted in these models experimentally. As the decay products of the LSP can be
detected it is possible that the LSP mass can be reconstructed. This is impossible
in the MSSM because the LSP escapes the detector.
There have been a number of searches for these processes by both the LEP [43–52]
and Tevatron [53,54] experiments, and studies of the range of parameters which can
be discovered by the LHC [55].
• If, however, baryon number is violated the situation is much worse and this is
considered a potential “worst case” scenario for the discovery of SUSY. In this case
instead of the clean missing transverse momentum signatures of the MSSM the LSP
will decay giving jets of hadrons. Extracting this signal of SUSY from the QCD
backgrounds in hadron colliders will prove to be a challenging experimental problem.
These models have been much less studied experimentally.
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1.3.2 Single Sparticle Production
There have been many theoretical and experimental studies of single sparticle production.
The cross sections for these processes depend on the 6Rp couplings, in addition to the
parameters of the MSSM. The kinematic reach of these processes is typically twice that
of sparticle pair production. While there have been some studies of non-resonant sparticle
production [56] most of the studies have been of resonant sparticle production.
e+
e−
ν˜L
(a) Resonant sneutrino production in e+e− collisions.
d¯
e−
u˜∗L
u
e−
d˜R
(b) Resonant squark production in electron-proton collisions.
d¯
d
ν˜L
u¯
d
e˜L
(c) Resonant slepton production in hadron–hadron collisions.
d
u
d˜∗R
d
d
u˜∗R
(d) Resonant squark production in hadron–hadron collisions.
Figure 1.4: Different possible resonant sparticle production mechanisms. While the produced
sparticles can be of any generation the incoming particles will usually be first generation.
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The terms in Eqn. 1.63 lead to different resonant production mechanisms in various
collider experiments, which are shown in Fig. 1.4. The first term leads to resonant sneu-
trino production in e+e− collisions [57–62], Fig. 1.4a. The second term gives both resonant
squark production in ep collisions [37, 38, 40, 63, 64], Fig. 1.4b, and resonant slepton pro-
duction in hadron–hadron collisions [5,6,65–68], Fig. 1.4c. The third term gives resonant
squark production in hadron–hadron collisions [5, 65, 69–72], Fig. 1.4d.
In general the search strategies depend on the decay modes of the sparticle. Most of
the studies have concentrated on the 6Rp decay modes of the resonant sparticles, although
there have also been a number of studies of the gauge decay modes in various collider
experiments.
1.4 Summary
In this chapter we have introduced the concept of supersymmetry and the theoretical
reasons for favouring it as a possible extension of the Standard Model. We then argued
that models in which Rp is conserved are no better motivated than those in which R-parity
is violated and therefore both should be studied if we are to discover supersymmetry.
Despite the interest in 6Rp SUSY models, and the potential experimental problems,
there have been few experimental studies particularly at hadron colliders. The first sys-
tematic study of 6Rp signatures at hadron colliders was presented in [73]. More recent
overviews of the search potential at the LHC and Run II of the Tevatron have been pre-
sented in [5, 74]. These studies have been limited by the fact that few simulations have
been available. In hadron–hadron collisions the only available Monte Carlo event genera-
tor is ISAJET [75] where the 6Rp decays can be implemented using the FORCE command,
i.e. the decay mode of a given particle, e.g. the LSP, can be specified by hand. However
there has been no simulation which includes all the decay modes and the single sparticle
production processes.
We shall therefore present in this thesis the calculations required to produce a simu-
lation of the 6Rp processes and decays together with some results from these simulations
looking at the possibility of detecting 6Rp SUSY processes. We also look at the latest
experimental anomaly which can be explained by 6Rp SUSY.
We present in Chapter 2 an introduction to the techniques of parton-shower Monte
Carlo simulations followed by the calculations required to apply these techniques to 6Rp
SUSY.
Chapter 3 then uses these simulations to look at the production of resonant sleptons
via 6Rp SUSY in hadron–hadron colliders and some ways of detecting these processes.
Chapter 4 considers a possible 6Rp SUSY explanation of the results of the KARMEN
experiment.
Chapter 1: Introduction 26
Chapter 2
Monte Carlo Simulations
2.1 Introduction
If we wish to examine the experimental signatures of any model of beyond the Standard
Model physics we need a Monte Carlo event generator which includes the processes pre-
dicted by that model. This is particularly important in experimental studies so that the
effects of the cuts applied and the resolution of the detector can be included. There is
currently only one Monte Carlo event generator, ISAJET [75], which can simulate 6Rp
processes in hadron–hadron collisions. However these processes are only included in an
ad-hoc way via the FORCE command which allows the decay modes of a given particle,
for example the LSP, to be specified by hand. It does not contain any hard resonant 6Rp
production processes or a calculation of the 6Rp decay rates. If we wish to study these
processes, in particular resonant sparticle production, we must add these processes to a
Monte Carlo event generator. This chapter will start by discussing the physics used in
Monte Carlo simulations and then go on to show how 6Rp processes can be added.
In principle it should be possible to calculate all the observables measured experimen-
tally using perturbative QCD, or the electroweak theory if they do not involve particles
which interact via the strong force. There are however two problems with this approach:
1. In practice most observables have been calculated to at most next-to-leading order
in perturbative QCD. A few inclusive observables have been calculated to higher
orders, e.g. the cross section for e+e− → hadrons. Given the complexity of QCD
calculations beyond leading order it is unlikely that many higher orders will be
calculated in the near future. Even the calculation of final states including more
partons is very difficult, e.g. the first general next-to-leading order calculation of
three-jet observables in e+e− collisions [76] was performed in 1980, while it is only
recently that the four-jet calculations [77] were completed.
2. An experiment observes hadrons not the quarks and gluons of a perturbative QCD
calculation. It is currently impossible to calculate the hadronization process in QCD
and we must use various phenomenological models with adjustable parameters which
are fitted to data.
The idea of the Monte Carlo procedure is to provide a full description of the events
which are seen in modern particle physics experiments. To do this we need some way of
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starting with a given hard process and obtaining the hadrons which are observed by the
detector as a result of that process. This is done by considering the regions of phase space
where the emission of QCD radiation is enhanced and taking these into account to all
orders in perturbation theory. This leads to the idea of a parton shower where we take a
parton at some high scale and then evolve this down to a lower scale with the emission of
QCD radiation. Finally at some low scale typical of the hadronization process we resort
to a non-perturbative model for the hadronization process to give the observed hadrons.
In general the Monte Carlo event generation process can be divided into main three
phases:
1. The hard process where the particles in the hard collision and their momenta are
generated, usually according to the leading-order matrix element. This can be of
either the incoming fundamental particles in lepton collisions or of a parton extracted
from a hadron in hadron-initiated processes. In the example event shown in Fig. 2.1
the hard process is e+e− → qq¯.
2. The parton-shower phase where the coloured particles in the event are perturbatively
evolved from the hard scale of the collision to the infrared cut-off. This is done for
both the particles produced in the collision, the final-state shower, and the initial
partons involved in the collision for processes with incoming hadrons, the initial-
state shower. This is shown by the gluon radiation in Fig. 2.1. The emission of
electromagnetic radiation from charged particles can be handled in the same way.
3. A hadronization phase in which the partons left after the perturbative evolution
are formed into the observed hadrons. For processes with hadrons in the initial
state after the removal of the partons in the hard process we are left with a hadron
remnant. This remnant is also formed into hadrons by the hadronization model.
In the example shown in Fig. 2.1 the cluster model, which is used in HERWIG, is
shown.
There are usually two additional stages, one between the parton-shower and hadronization
phases and the other after the hadronization phase, which are conceptually less important
but are necessary for a full simulation of a hard collision process. In these phases those
particles which are produced, but are unstable, decay. These secondary decays are handled
in different ways depending on whether the particle decays before or after hadronization:1
1. Those particles which decay before hadronizing, e.g. the top quark, are decayed
before the hadronization phase. Any coloured particles produced in these decays
are then evolved by the parton-shower algorithm. The hadronization phase occurs
after all such particles have been decayed. These decays are usually performed
according to a calculated branching ratio and often, e.g. in top decay, use a matrix
element to give the momenta of the decay products.
2. Those unstable hadrons which are produced in the hadronization phase must also
be decayed. These decays are usually performed using the experimentally mea-
sured branching ratios and a phase-space distribution for the momenta of the decay
1The stage at which the various secondary decays occur is different in the different event generators
and the procedure we discuss here is that adopted in the HERWIG Monte Carlo event generator.
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Figure 2.1: Example of a Monte Carlo event.
products. It is at this stage that those unstable fundamental particles which are
not coloured, and hence do not hadronize, are decayed. For example the W and
Z boson decays occur at this stage of the event generation process, however the
decays of the colourless SUSY particles are handled by the previous secondary de-
cay stage because unstable coloured sparticles are often produced in these decays.
Any coloured particles produced in these decays are then evolved according to the
parton-shower algorithm and hadronized. This procedure is repeated until all the
unstable particles have been decayed.
We will describe the three main phases in some detail, concentrating on those used
in the HERWIG event generator [2] but mentioning the other available approaches. We
then study the extension of these simulations to include 6Rp hard processes and decays.
2.2 Hard Processes
The first stage of the Monte Carlo event generator is to generate the momenta of the
particles involved in the hard process. Usually these momenta are generated according
to the leading-order cross section. As we will mainly be dealing with hadron–hadron
collisions we will look at the procedure here in more detail.
The cross section, for example, for a two-to-two process in hadron–hadron collisions
is given by
σ =
∫ 1
0
dx1
∫ 1
0
dx2
∫ 1
−1
dcos θ
∫ 2π
0
dφ
∑
ij
dσˆij
dΩ
(sˆ, θ, φ, µ2) fi(x1, µ
2)fj(x2, µ
2), (2.1)
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where
dσˆij
dΩ
(sˆ,θ,φ,µ2) is the differential cross section for the partons i and j to go to whatever
final state we are interested in and fi(x, µ
2) is the parton distribution function, i.e. the
probability of finding a parton i with a fraction x of the incoming hadron’s momentum.
The parton distributions are also dependent on the factorization scale, µ. Partons which
are emitted from those partons involved in the hard collision and have transverse momenta
below this scale are treated as part of the hadron structure whereas those with momenta
above this scale are part of the hard collision process. In principle the cross section should
not depend on this scale. If we only perform the calculation to leading order however
there can be a sizable factorization-scale dependence. This dependence is usually reduced
if higher-order corrections are included. The cross-section integral can then be performed
using the Monte Carlo method.
The Monte Carlo procedure is based on the following result. For a simple one-
dimensional integral, ∫ x2
x1
f(x)dx = (x2 − x1)〈f(x)〉. (2.2)
The average, 〈f(x)〉, can be approximated by calculating f(x) at N randomly chosen
points, in the interval (x1, x2), i.e.
〈f(x)〉 ≃ 1
N
N∑
i=1
f(xi) = fN , (2.3)
giving an estimate, fN , of the average. This method is particularly useful as we can also
calculate an error on the estimate by computing the standard deviation and applying the
central limit theorem
〈f(x)〉 = fN ± σN√
N
, (2.4)
where σN =
√
f 2N − fN
2
and f 2N =
1
N
N∑
i=1
f 2(xi).
The convergence of this method for numerically evaluating the integral goes as 1/
√
N
with the number of function evaluations, N . This is slower than other commonly used
techniques for numerical integration, e.g. the trapezium rule converges as 1/N2 and Simp-
son’s rule as 1/N4. While the convergence of these other methods becomes far slower for
higher dimensional integrals, e.g. the trapezium rule converges as 1/N2/d and Simpson’s
rule as 1/N4/d where d is the dimension of the integral, the Monte Carlo method will
always converge as 1/
√
N .
Hence for the performance of high-dimensional integrals the Monte Carlo technique is
more efficient. This is particularly important in particle physics where we need to perform
high dimensional phase-space integrals. The Monte Carlo procedure is also well suited to
integrating over complex regions, which are difficult with other methods, and often occur
in particle physics, e.g. due to experimental cuts. Another advantage of this method is
that we can evaluate a number of different quantities, e.g. differential distributions, at
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the same time whereas with other methods each distribution would have to be calculated
separately.
The convergence of the Monte Carlo technique can be improved by reducing the stan-
dard deviation, σN . In principle if the integral can be performed analytically a Jacobian
transform can be used to reduce the standard deviation to zero. In practice we can use
a simple function which approximates the shape of the function we are integrating to
improve the convergence of the integral, thus considerably reducing the time required for
the numerical computation of the integral.
In the cross sections for the 6Rp processes we are studying there are Breit-Wigner
resonances. These lead to a large variance in the calculation of the cross section, which
can be improved by applying a Jacobian transformation. First we consider the case of
only one resonance. The cross section can be rewritten as
σ =
∫ 1
τ0
dτ
∫ 1
τ
dx1
x1
∫ 1
−1
dcos θ
∫ 2π
0
dφ
∑
ij
dσˆij
dΩ
(sˆ, θ, φ, µ2) fi(x1, µ
2)fj
(
τ
x1
, µ2
)
, (2.5)
where τ = x1x2, τ0 = (m3+m4)
2/s, s is the hadron–hadron centre-of-mass energy squared,
and m3 and m4 are the masses of the final-state particles. The parton-level centre-of-mass
energy squared is given by sˆ = τs. The form of the Breit-Wigner peak in the cross section
is
dσˆij
dΩ
(sˆ, θ, φ, µ2)∼ 1
(sˆ−M2)2 + Γ2M2 , (2.6)
where M is the mass of the resonant particle and Γ is its width. We can perform a change
of variables
τ = τM +
√
τMτΓ tan (ρ
√
τMτΓ), (2.7)
where τM = M
2/s and τΓ = Γ
2/s. This gives an integral over ρ,
σ =
∫ ρ1
ρ0
dρ
∫ 1
τ
dx1
x1
∫ 1
−1
dcos θ
∫ 2π
0
dφ
[
τMτΓ + (τ − τM)2
]∑
ij
dσˆij
dΩ
(sˆ, θ, φ, µ2) fi(x1, µ
2)fj
(
τ
x1
, µ2
)
, (2.8)
where
ρ0 =
1√
τMτΓ
tan−1
(
τ0 − τM√
τMτΓ
)
, (2.9a)
ρ1 =
1√
τMτΓ
tan−1
(
1− τM√
τMτΓ
)
. (2.9b)
If the only dependence of the cross section on sˆ was the Breit-Wigner resonance the ρ
integral would be the integral of a constant, i.e. the variance would be zero. In practice
there is some remaining sˆ dependence in the integrand but this is far smoother than the
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Breit-Wigner resonance and hence the variance is dramatically reduced.
In the 6Rp cross sections there can be more than one accessible resonance depending
on the number of non-zero 6Rp couplings. In this case we can use a multi-channel Monte
Carlo integration technique. The cross section can be rewritten in the following way
σ =
∫ 1
τ0
dτ
∫ 1
τ
dx1
x1
∫ 1
−1
dcos θ
∫ 2π
0
dφ
N∑
k
Wk
F (τ)
[
(sˆ−M2k )2 + Γ2kM2k
]
∑
ij
dσˆij
dΩ
(sˆ, θ, φ, µ2) fi(x1, µ
2)fj
(
τ
x1
, µ2
)
, (2.10)
where
F (τ) =
N∑
i
Wi
(sˆ−M2i )2 + Γ2iM2i
, (2.11)
and Mi and Γi are the mass and width of the ith resonance. The weight, Wi, is chosen
to approximate the contribution of the ith resonance to the total cross section. We can
perform a Jacobian transform for these integrals treating each of the terms in the sum as
we did before for the single resonance. This allows us to perform a change of variables
for each of the integrals in the sum
τ = τkM +
√
τkMτ
k
Γ tan
(
ρk
√
τkMτ
k
Γ
)
, (2.12)
where τkM =M
2
k/s and τ
k
Γ = Γ
2
k/s. This gives a set of integrals over the new variables ρk,
σ =
∫ 1
−1
dcos θ
∫ 2π
0
dφ
N∑
k
∫ ρk1
ρk0
dρk
Wk
F (τ)
1
s2
∫ 1
τ
dx1
x1
∑
ij
dσˆij(sˆ)
dΩ
fi(x1, µ
2)fj
(
τ
x1
, µ2
)
,
(2.13)
where
ρk0 =
1√
τkMτ
k
Γ
tan−1
(
τ0 − τkM√
τkMτ
k
Γ
)
, (2.14a)
ρk1 =
1√
τkMτ
k
Γ
tan−1
(
1− τkM√
τkMτ
k
Γ
)
. (2.14b)
The use of this technique significantly increases the efficiency of the Monte Carlo simu-
lation. Each different hard collision process must be studied separately and a Jacobian
transformation applied to reduce the variance. In, for example, QCD jet and heavy quark
production the cross section falls like p−4T , where pT is the transverse momentum of the
partons produced in the hard collision, and we must therefore use a Jacobian transform to
smooth this fall-off. In other processes, for example Drell-Yan, a multi-channel approach
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must be used because in addition to a power law fall-off, like sˆ−2, of the cross section due
to photon exchange there is a Breit-Wigner resonance due to Z exchange.
We can then use the parton-level centre-of-mass energy and angles which we randomly
generate while performing the cross-section integral to construct the four-momenta of the
particles involved in the hard collision. In the next section we will describe how these
particles can be evolved from the high scale of the parton–parton collision to some low
scale typical of the hadronization process.
2.3 Parton Showers
In the previous section we described how to generate the momenta of the particles involved
in the hard scattering process. This scattering process usually involves coloured particles
in either the initial or final state. After the hard collision these coloured particles must be
evolved from the high-energy scale of the collision to some lower scale with the emission
of QCD radiation. The exact calculation of the matrix elements for processes with large
numbers of final-state partons is not possible and we must therefore treat the regions of
phase space for which the emission of QCD radiation is enhanced and take these into
account to all orders in perturbation theory. There are two regions of phase space where
the emission of QCD radiation is enhanced:
1. Collinear Emission;
2. Soft Emission.
This can be seen by considering the process e+e− → q(p1)q¯(p2)g(p3), shown in Fig. 2.2b.
The leading-order cross section for this process is given by [78]
σqq¯g = Ncσ0
∑
q
Q2q
∫
dx1dx2CF
αs
2π
x21 + x
2
2
(1− x1)(1− x2) , (2.15)
where σ0 = 4πα
2/(3s) is the leading-order cross section for e+e− → µ+µ−. The energy of
the final-state partons in the laboratory frame is Ei, and xi = 2Ei/
√
s, where
√
s is the
centre-of-mass energy of the e+e− collision. Momentum conservation therefore leads to
x1+x2+x3 = 2. CF = (N
2
c − 1)/(2Nc) is the Casimir in the fundamental representation,
where Nc is the number of colours. If we look at Eqn. 2.15 the cross section diverges when
either x1, x2, or both tend to one. We can now consider the physical origins of these
divergences:
1. (1− x1) = E2E3Q2 (1− cos θ2g), where θ2g is the angle between the antiquark and the
gluon. The singularity as x1 → 1 therefore occurs as the antiquark and the gluon
become collinear. Similarly the singularity as x2 → 1 occurs as the quark and the
gluon become collinear. This is the collinear singularity.
2. As x1 → 1 and x2 → 1 energy conservation implies that x3 → 0, i.e. the energy of
the gluon tends to zero. This is the soft singularity.
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(a) Leading-order diagram.
(b) Real emission diagrams.
(c) Loop diagrams.
Figure 2.2: Feynman diagrams for e+e− → hadrons at next-to-leading order in αs.
If we were to perform the full next-to-leading-order calculation of the cross section for
e+e− → hadrons these singularities would cancel with the singularities that occur in the
loop diagrams. The real emission diagrams in Fig. 2.2b give a contribution to the cross
section which is of order αs, Eqn. 2.15. The product of the loop diagrams, Fig. 2.2c, and
the leading-order diagram, Fig. 2.2a, also gives a contribution of the same order in αs,
and the singularities in this term exactly cancel those in the real emission diagrams.
However for less inclusive observables, e.g. the thrust in e+e− events, it can be the
case that after this cancellation large logarithms remain. The aim of the parton-shower
phase is to resum these logarithms to all orders in perturbation theory. In general the
simplest algorithm for the parton shower only resums the leading collinear logarithms [79]
whereas with a slight modification [80, 81] both the leading soft and collinear logarithms
are resummed. We will first describe how the collinear logarithms can be resummed and
then generalize this to include the soft logarithms as well. Good reviews of the parton-
shower algorithm can be found in [12, 79].
2.3.1 Collinear Parton Showers
We will start by considering the simplest type of process, i.e. the emission of a collinear
gluon by a final-state quark. The matrix element for the radiation of an additional gluon
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Figure 2.3: Radiation of a collinear gluon k by a quark i giving the quark j.
from a final-state quark, Fig. 2.3, can be written as
Mn+1 = gs
t
tau¯(pj)γ
µp6 iM′nε∗µ, (2.16)
where ta is the colour generator of SU(3) in the fundamental representation, pi is the
momentum of the quark before the gluon is radiated, pj is the momentum of the quark
after the gluon radiation, pk is the momentum of the radiated gluon, εµ is the polarization
vector of the gluon and M′n represents the matrix element, without the spinor for the
quark i, before the gluon radiation. The initial quark i is off mass-shell, t = p2i , while
both the gluon and the quark after the branching are on mass-shell. We will assume that
the quarks are massless.
We can square this matrix element and sum over the final-state spins giving,∑
spins
|Mn+1| = g
2
sCF
2t2
tr
(
M′n†p6 iγνp6 jγµp6 iM′n
)(
−gµν + p
µ
k l
ν + pνkl
µ
pk · l
)
, (2.17)
where we have used an axial gauge for the gluon propagator. The four-vector lµ is an
arbitrary light-like four-vector which must not be collinear with any of the momenta.
We can evaluate this expression in the collinear limit. The traces in this expression
can be treated individually. The first term gives
− tr
(
M′n†p6 iγνp6 jγµp6 iM′n
)
gµν = 2 tr
(
M′n†p6 ip6 jp6 iM′n
)
,
= 2 tr
(
M′n†p6 kp6 jp6 kM′n
)
, (2.18)
where the first line comes from the properties of the Dirac matrices and the second line
from momentum conservation, i.e. pi = pj+pk, and p
2
j = 0. As the gluon is on mass-shell,
i.e. p2k = 0, we can make use of the following identity,
p6 k =
∑
spins
us(pk)u¯s(pk), (2.19)
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giving
−tr
(
M′n†p6 iγνp6 jγµp6 iM′n
)
gµν = 8pj · pk tr(M′n†p6 kM′n). (2.20)
Finally pk can be replaced by pk = (1 − z)pi in the collinear limit, where z = Ej/Ei is
the fraction of the initial quark i’s energy carried by the quark j after the gluon emission,
giving
−tr (M†np6 iγνp6 jγµp6 iMn) gµν = 4t(1− z)∑
spins
|Mn|2, (2.21)
where Mn is the full matrix element for the process before the emission of the collinear
gluon. The remaining terms can be calculated in the same way giving∑
spins
|Mn+1|2 = 2g
2
s
t
CF
1 + z2
1− z
∑
spins
|Mn|2. (2.22)
The matrix element squared for the emission of a collinear gluon factorizes into the matrix
element squared for the process without the collinear gluon and a universal, i.e. process
independent, Altarelli-Parisi splitting function [82] for the radiation of a gluon from a
quark, i.e.
Pqq = CF
1 + z2
1− z . (2.23)
In general, if we consider a process involving n partons the amplitude squared for a
process with the emission of an extra collinear parton can be written in terms of the
matrix element for the n parton process and a universal splitting function∑
spins
|Mn+1|2 = 2g
2
s
t
Pji(z)
∑
spins
|Mn|2, (2.24)
where Pji are the unregularized Altarelli-Parisi splitting functions. Pqq is given above for
gluon radiation from a quark and
Pgg = CA
[
1− z
z
+
z
1− z + z(1− z)
]
, (2.25)
Pqg = TR
[
z2 + (1− z)2], (2.26)
for gluon radiation from a gluon and for a gluon splitting into a quark–antiquark pair,
respectively. TR =
1
2
and CA = Nc is the Casimir in the adjoint representation of SU(3).
There is an additional splitting function, Pgq(z), which describes the splitting of a quark
to give a gluon with a fraction z of its energy. This splitting function can be obtained by
making the replacement z → 1− z in Eqn. 2.23.
The phase space for this splitting also factorizes. The phase space for the n body
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process before the gluon radiation is given by
dΦn = dΓ
d3pi
2Ei(2π)3
, (2.27)
where dΓ represents the phase-space integrals over all the particles apart from the quark i
which radiates the gluon. The phase space for the process after the gluon radiation can
be written as
dΦn+1 = dΓ
d3pj
2Ej(2π)3
d3pk
2Ek(2π)3
. (2.28)
As momentum is conserved, i.e. pi = pj + pk, at fixed pj this implies d
3pk = d
3pi. We
therefore obtain
dΦn+1 = dΦn
1
(1− z)
d3pj
2Ej(2π)3
, (2.29)
using Ek = (1− z)Ei in the collinear limit. The phase-space integral over the momentum
of the quark j can be expanded in the small angle limit giving
dΦn+1 = dΦn
1
2(2π)3
1
(1− z)EjdEjθjdθjdφ,
= dΦn
1
2(2π)3
EjdEj θjdθj dφdtδ
(
t− EjEkθ
2
j
(1− z)2
)
dz
(1− z)δ
(
z − Ej
Ei
)
, (2.30)
where we have inserted the definitions of t and z, and θj is angle between the directions
of the partons i and j as shown in Fig. 2.3. In the small angle limit
t = (pj + pk)
2 = 2EjEk(1− cos θ) ≃ EjEkθ2, (2.31)
where θ is the angle between j and k. Using transverse momentum conservation gives
zθj = (1− z)θk. As θ = θj + θk we obtain θ = θj/(1 − z). Hence the virtual mass of the
initial quark is
t ≃ EjEkθ
2
j
(1− z)2 . (2.32)
We can now use the δ-functions in Eqn. 2.30 to integrate out the dependence on the energy
of the quark, Ej, and its angle, θj , giving
dΦn+1 = dΦn
1
4(2π)3
dφ dt dz. (2.33)
Therefore, using the equations for the collinear factorization of the matrix element,
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Eqn. 2.24, and for the phase space, Eqn. 2.33, we obtain
dσn+1 = dσn
dt
t
dz
αs
2π
Pji(z), (2.34)
where we have averaged over the azimuthal angle of the emitted parton. The same
equation also holds for the radiation of a gluon from an incoming parton in processes
involving hadrons in the initial state [12].
So for the emission of QCD radiation in the collinear limit, after azimuthal averaging,
the cross section obeys a factorization theorem. The cross section for a process in which
one parton pair is much more collinear than any other pair can be written as the convolu-
tion of a universal splitting function and the cross section for the same process where the
collinear pair is replaced by a single parton of the corresponding flavour. This functional
form allows us to apply the procedure to the next most collinear pair in the final state,
and so on. We thus have an iterative rule which leads to a description of multi-parton
final states as a Markov chain.
This can be reexpressed as an evolution in some energy-like scale, such as the virtu-
ality, where a parton at a high scale is evolved by successive branchings to a lower scale.
The normal approach [12] is to consider the evolution of the parton density, fi(x, t),
i.e. the probability of finding a parton of type i with a given fraction x of the momentum
of an incoming hadron at a given scale t. As we will mainly be dealing with partons in the
final state we will instead consider the evolution of the fragmentation function, dhi (x, t),
i.e. the probability of a parton of type i giving a hadron of type h with a fraction x of
the parton’s momentum at a given scale t.
We can use Eqn. 2.34 to write the evolution of the fragmentation function at a given
virtual mass-squared and momentum fraction, d(x, t). For simplicity we will only consider
one type of branching, i.e. the radiation of a gluon by a quark, and one type of hadron,
but the results generalize easily.
The change in the fragmentation function consists of two parts: firstly there is an
increase due to partons branching to give a parton with a momentum fraction greater
than x,
δd(x, t)in =
δt
t
∫ 1
x
dx′dz
αs
2π
P (z)d(x′, t)δ(x− zx′),
=
δt
t
∫ 1
0
dz
z
αs
2π
P (z)d(x/z, t); (2.35)
secondly there is a decrease due to partons radiating to give partons with momentum
fractions smaller than x,
δd(x, t)out =
δt
t
d(x, t)
∫ x
0
dx′dz
αs
2π
P (z)δ(x′ − zx),
=
δt
t
d(x, t)
∫ 1
0
dz
αs
2π
P (z). (2.36)
The fragmentation function, d(x, t), is zero for x > 1 and therefore the integral in Eqn. 2.35
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is zero for z < x. Hence the evolution of the fragmentation function with the virtual mass-
squared is given by
∂
∂t
d(x, t) =
1
t
∫ 1
0
dz
αs
2π
P (z)
[
1
z
d(x/z, t)− d(x, t)
]
. (2.37)
In the standard treatment of the evolution of the fragmentation function, or the parton
distribution function, we would now regulate the Altarelli-Parisi splitting functions to
obtain the DGLAP equation [82] for the evolution of the fragmentation function. However,
it is more convenient for us to continue to work with the unregulated splitting functions
and to reexpress the evolution equation in a more useful way using the Sudakov form
factor [83] which we will regularize below. The Sudakov form factor is given by
∆(t) = exp
[
−
∫ t
t0
dt′
t′
∫ 1
0
dz
αs
2π
P (z)
]
, (2.38)
where t0 is the low scale at which we stop the evolution of the fragmentation function.
Using the Sudakov form factor we can rewrite Eqn. 2.37 in the following way
t
∂
∂t
(
d
∆
)
=
1
∆
∫ 1
0
dz
z
αs
2π
P (z)d(x/z, t). (2.39)
This differential equation can be solved to give an integral equation for the fragmentation
function, d(x, t), in terms of its initial value, d(x, t0), at some low scale t0,
d(x, t) = ∆(t)d(x, t0) +
∫ t
t0
dt′
t′
∆(t)
∆(t′)
∫ 1
0
dz
z
αs
2π
P (z)d(x/z, t′). (2.40)
This equation can be interpreted in the following way. The first term is the contri-
bution from those partons which do not branch between the scales t and t0. The second
term is the contribution from partons which last branched at the scale t′. This suggests
that we can interpret the ratio of Sudakov form factors, ∆(t)/∆(t′), as the probability of
evolving down from the scale t to t′ without any branching. This is consistent with the
first term in Eqn. 2.40 as ∆(t0) = 1. We can therefore interpret ∆(t) as the probability
of no emission between the scales t and t0.
The Sudakov form factor can be generalized to include more than one type of parton,
by defining the Sudakov form factor for parton type i
∆i(t) = exp
[
−
∑
j
∫ t
t0
dt′
t′
∫ 1
0
dz
αs
2π
Pji(z)
]
. (2.41)
The evolution equation for more than one type of parton can be written as
t
∂
∂t
(
di
∆i
)
=
1
∆i
∑
j
∫ 1
0
dz
z
αs
2π
Pij(z)dj(x/z, t). (2.42)
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There is however still a problem because the splitting functions, Pij(z), contain the
collinear singularity as z → 1 which needs to be regularized. We can do this by in-
troducing an infrared cut-off, z < 1− ǫ. We then classify branchings above this cut-off as
unresolvable. This means that the regularized Sudakov form factor,
∆i(t) = exp
[
−
∑
j
∫ t
t0
dt′
t′
∫ 1−ǫ
ǫ
dz
αs
2π
Pji(z)
]
, (2.43)
gives the probability of evolving between two scales without resolvable emission. This
implicitly resums the virtual contributions as well as the real emissions we have been con-
sidering to all orders. This is because the virtual contributions will affect the probability
of no branching and are hence included by unitarity, i.e. because we have imposed
P(no resolvable emission) + P(resolvable emission) = 1. (2.44)
This correctly resums the leading collinear singularities to all orders in perturbation theory
[79]. The infrared cut-off can be chosen as a cut-off, t0, on the virtuality of the parton i,
by defining
ǫ =
t0
t
. (2.45)
The value of t0 used in simulations is typically of order 1 GeV
2.
In this section we have seen how we can resum the collinear singularities to all orders
in perturbation theory using the Sudakov form factor. In the next section we will discuss
how the soft singularities can be resummed as well.
2.3.2 Angular-ordered Parton Showers
We can consider the emission of QCD radiation in the soft limit in much the same way
as we did for the collinear emission in Section 2.3.1. The matrix element for the emission
of a gluon from an outgoing quark is given by
Mn+1 = gs
(p2i −m2)
taβαCαu¯β(pj)γ
µ (p6 i +m)Mnε∗µ, (2.46)
where we are considering the splitting i → jk as in Fig. 2.3. Cα represents the colour
structure of the leading-order process without the soft gluon and m is the mass of the
quark. The quark has colour α before the emission of the gluon and colour β afterwards.
As the gluon and the quark j, after the splitting, are on mass-shell we can rewrite the
denominator as p2i −m2 = 2pj · pk. We can then use the anti-commutation relations for
the Dirac matrices to obtain
Mn+1 = gs
2pj · pk t
a
βαCαu¯β(pj) [2p
µ
i + (m− p6 i)γµ]Mnε∗µ. (2.47)
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Radiating Colour Matrix
Parton incoming outgoing
quark −tcβα tcαβ
antiquark tcαβ −tcβα
gluon −ifabc −ifabc
Table 2.1: Colour matrices for the eikonal current. As the eikonal current is independent of the
spin of the emitting parton the colour factors for squarks are the same as those for quarks and
those for gluinos the same as those for gluons. In the case of radiation from quarks the colour
of the external parton is α and the colour of the parton in the hard process is β. Similarly for
gluons the colour of the external parton is a and the colour of the gluon participating in the
hard process is b. In both cases the colour of the radiated gluon is c. fabc is the SU(3) colour
generator in the adjoint representation.
In the soft limit pi ≈ pj and we can therefore use the Dirac equation u¯(pj)(p6 j −m) = 0
to give
Mn+1 =
gsp
µ
j
pj · pk t
a
βαCαu¯β(pj)Mnε∗µ. (2.48)
In general, a factorization theorem exists for the emission of QCD radiation in the soft
limit. However, this theorem applies to the amplitude for the process, rather than the
cross section. The amplitude for a process in which one gluon is much softer than the other
energy scales in the process can be written as a product of a universal eikonal current and
the amplitude for the same process without the soft gluon. The matrix element including
the emission of an extra soft gluon is given by
M = gsm · J(q), (2.49)
where M is the matrix element for the process including the emission of an extra soft
gluon,m is the tree-level amplitude for the underlying process and J(q) is the non-Abelian
semi-classical current for the emission of the soft gluon with momentum q from the hard
partons. In general the eikonal current J(q) is given by
J(q) = ε∗µ
∑
external
partons
CbαP
ab
α
(
pparton
pparton · q
)µ
(2.50)
for the emission of a soft gluon with momentum q. Cbα represents the colour structure
of the leading-order process without the soft gluon and P abα the colour matrix for the
emission of a gluon with colour a. These colour matrices are given in Table 2.1 for the
various possible radiating partons.
After we square the amplitude and sum over the spins of the external partons we
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obtain a result which depends on the momenta of all the external partons. It therefore
seems unlikely that we can recover a factorization theorem for the cross section as in the
previous section. The surprising result [80, 81] is that, after azimuthal averaging, these
effects can be incorporated into a collinear algorithm by simply using a different choice
for the evolution scale, i.e. the opening angle.
We can illustrate this with a simple example, i.e. the process e+e− → q q¯ g1, shown
in Fig. 2.4. The semi-classical eikonal current can be used to study the emission of an
extra soft gluon in this process, i.e. the process e+e− → q q¯ g1 g2 where the second gluon
is much softer than the other partons. The matrix element including the emission of the
extra soft gluon is given by
M(k1, k2, p1, p2, p3; q) = gsm(k1, k2, p1, p2, p3) · J(q), (2.51)
where
• m(k1, k2, p1, p2, p3) is the tree-level amplitude for the underlying process,
e+(k1) e
−(k2) → q(p1) q¯(p2) g1(p3).
• M(k1, k2, p1, p2, p3; q) is the matrix element for the process
e+(k1) e
−(k2) → q(p1) q¯(p2) g1(p3) g2(q), i.e. including the emission of an extra soft
gluon, g2, with momentum q.
• J(q) is the non-Abelian semi-classical current for the emission of the soft gluon with
momentum q from the hard partons.
Explicitly in our example the current, J(q), is given by
J(q) =
∑
s=1,2
Jb,µ(q)ε∗µ,s, (2.52)
where
Jb,µ(q) = tb,qc1c′1
tac′1c2
(
pµ1
p1 · q
)
− tac1c′2t
b,q¯
c′2c2
(
pµ2
p2 · q
)
− ifaa′bta′c1c2
(
pµ3
p3 · q
)
. (2.53)
If we now define the radiation functions, as was done in [84], we can express the square
of this current in a useful way. We can define the dipole radiation function
2
ω2
Wij(q) = −
(
pi
pi · q −
pj
pj · q
)2
=
2
ω2
(
ξij
ξiξj
− 1
2γ2i ξ
2
i
− 1
2γ2j ξ
2
j
)
, (2.54)
where ω is the energy of the soft gluon, ξij =
pi·pj
EiEj
= 1 − vivj cos θij , ξi = 1 − vi cos θi,
γi = Ei/mi = 1/
√
(1− v2i ), vi is the velocity of parton i, θi is the angle between the
direction of motion of the soft gluon and the parton i, and θij is the angle between the
partons i and j.
In general this dipole radiation function can be used to express the current squared
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(a) Feynman Diagram (b) Colour Flow
e+
e−
Z0/γ
q
q¯
q¯
g
q
Figure 2.4: Feynman diagram and colour flow for e+e− → qq¯g.
for a process in the form
J2(q) =
Cm
ω2
W (Ωq), (2.55)
where Cm is the colour factor for the tree-level process, Ωq is the direction of the gluon and
W (Ωq) is the soft gluon radiation pattern. For the example we are considering Cm = CFNc
and the radiation pattern is given by
Wqq¯g(Ωq) = CA [Wqg(Ωq) +Wq¯g(Ωq)]− 1
Nc
Wqq¯(Ωq). (2.56)
This corresponds to emission of a soft gluon from a colour dipole, i.e. Wqg is emission
from the dipole formed by the quark and the anticolour line of the gluon, Wq¯g is emission
from the colour line of the gluon and the antiquark, and Wqq¯ is emission from the quark
and antiquark. This then shows that the qq¯ dipole is negative, which is a problem if we
wish to use a probabilistic approach to treat the soft gluon radiation.
These dipole radiation functions can be split into two parts as was done in [84], i.e.
Wij(Ωq) =W
i
ij(Ωq) +W
j
ij(Ωq), (2.57)
where
W iij =
1
2ξi
(
1− 1
γ2i ξi
+
ξij − ξi
ξj
)
. (2.58)
This allows us to rewrite the square of the current for e+e− → qq¯g, Eqn. 2.53, using these
radiation functions, in the following form,
Wqq¯g(Ωq) = 2CF
(
W qqg +W
q¯
q¯g
)
+ CA
(
W ggq¯ +W
g
gq
)
+ 1
Nc
(
W qqg −W qqq¯ +W q¯q¯g −W q¯q¯q
)
. (2.59)
The last term in Eqn. 2.59, and other terms of this type, can be neglected for two reasons:
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firstly it is suppressed by 1/N2c with respect to the leading-order term; and secondly it is
dynamically suppressed because it does not contain a collinear singularity in the massless
limit. Typically the size of these suppressed terms is at most a few percent of the size of
the non-Nc suppressed terms.
The function W iij has a number of important properties which we will now consider:
1. In the massless limit it contains the collinear singularity as θi → 0, [84]. This can
be seen by taking the massless limit of Eqn. 2.58,
W iij =
1
2 (1− cos θi)
(
1 +
cos θi − cos θij
1− cos θj
)
. (2.60)
This shows that the radiation function is singular in the collinear limit, i.e. as θi → 0,
and not in the other collinear limit θj → 0 since θi → θij as θj → 0.
2. After averaging over the azimuthal angle of the soft gluon about the parton i the
function W iij corresponds to emission in a cone about the direction of the parton i
up to the direction of j [80,81]. This can be seen by writing the angular integral in
terms of the polar and azimuthal angles of the gluon with respect to the parton i.
We can then consider the integral of the radiation functions over the azimuthal angle
〈
W iij
〉
=
∫ 2π
0
dφi
2π
W iij =
vi
2ξi
∫ 2π
0
dφi
2π
[
vi − cos θi
1− vi cos θi +
cos θi − vj cos θij
1− vj cos θj
]
. (2.61)
The only dependence of the integrand on the azimuthal angle is contained in the
term 1/(1−vj cos θj). We can rewrite θj in terms of the other angles in the problem.
It is easiest to take the z-axis along the direction of the parton i and define the xz
plane to be the plane containing j. In this co-ordinate system unit vectors along
the direction of the parton j and the gluon are given by
ˆ = (sin θij , 0, cos θij), (2.62a)
gˆ = (cos φi sin θi, sin φi sin θi, cos θi). (2.62b)
This allows us to express θj in terms of the other angles by taking the scalar product,
cos θj = ˆ · gˆ = cosφi sin θi sin θij + cos θi cos θij . (2.63)
The only φi dependent part of the integral can be written as
I =
∫ 2π
0
dφi
2π
1
1− vj cos θj =
∫ 2π
0
dφi
2π
1
a− b cosφi , (2.64)
where a = 1 − vj cos θi cos θij and b = vj sin θi sin θij , as was done in [12] for the
massless case. This integral can be performed via contour integration [12] giving
I =
1√
a2 − b2 =
1√
(cos θi − vj cos θij)2 + (sin θi/γj)2
. (2.65)
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1. Direction of the parton
2. Direction of the
colour partner
Figure 2.5: Emission in angular-ordered cones.
This allows us to perform the azimuthal average for the radiation function giving
〈
W iij
〉
=
vi
2 (1− vi cos θi)
[
Ai(
viAi + γ
−2
i
) + Bi√
B2i + (sin θi/γj)
2
]
, (2.66)
where Ai = vi−cos θi and Bi = cos θi−vj cos θij . This result was first derived in [84]
for massive partons. If we now take the massless limit of this function we obtain
〈
W iij
〉
=
1
2 (1− cos θi)
[
1 +
cos θi − cos θij
| cos θi − cos θij |
]
, (2.67)
which can be rewritten as〈
W iij
〉
=
1
1− cos θi if θi < θij ,
= 0 otherwise. (2.68)
We have therefore shown that, after azimuthally averaging, the emission of a soft
gluon from the parton i can only occur in a cone about the direction of i, with the
opening angle of the cone given by the direction of j.
3. If the parton i is massive we should use the full azimuthally averaged radiation
function, given in Eqn. 2.66, rather than massless result. This gives two main effects:
firstly the step function at cos θi = cos θij moves to cos θi = vj cos θij and the fall-off
of the radiation is smoothed, i.e. rather than being a step-function the fall-off occurs
over a region in cos θi of order γ
−1
j . Secondly soft radiation in the direction of the
parton is reduced, i.e. emission within an angle of order θ ∼ mi/Ei vanishes [84].
Again rather than a step function the soft gluon radiation distribution goes to zero
at cos θi = vi with a width, in cos θi, of order γ
−2
i . This full radiation function
cannot be implemented numerically and therefore in practice we use the massless
form of the function together with the ‘dead-cone’ prescription [84] in which there
is no emission of soft gluons for angles θ < mi/Ei.
4. While Wij/ω
2 is Lorentz invariant the individual functions W iij/ω
2 and W jij/ω
2 are
not.
If we first define the concept of a colour connected parton we can then use the properties
of the radiation functions to look at the radiation pattern from e+e− →
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Figure 2.6: Soft gluon radiation pattern from the process e+e− → qq¯g. The hard quark, anti-
quark and gluon directions were fixed at θ = 00, θ = 1200 and θ = 2400 respectively. The solid
line gives the full radiation pattern and the dashed line gives the angular-ordered radiation pat-
tern after the 1/N2c -suppressed terms have been neglected. The dotted line gives the improved
angular-ordered approximation.
are considered to be colour connected if they share the same colour line. The colour flow,
in the large Nc limit, for the process e
+e− → qq¯g is shown in Fig. 2.4b. The q¯ and g
are colour connected and the q and g are colour connected, while the q¯ and q are not
colour connected. Each quark only has one colour-connected partner in a given Feynman
diagram and each gluon has two. Colour-connected partners are defined at each stage of
the iterative parton-shower procedure. If the final-state q were to emit another gluon, g2,
the new final-state q would be colour connected to g2 and no longer to g. The gluons g
and g2 would then also be colour connected.
We see from Eqn. 2.59 that after neglecting the final term, using the properties of the
function W iij, and averaging over the azimuthal angle of the gluon about a parton, the
radiation can only occur in a cone about the direction of the parton up to the direction
of its colour partner. This is shown in Fig. 2.5. We can draw a cone around parton one
with half-angle given by the angle between the momenta of partons one and two. The
emission from parton one within the cone defined by its colour-connected partner, parton
two, is called angular-ordered emission.
The radiation pattern for the process e+e− → qq¯g is shown in Fig. 2.6. The solid
histogram gives the full radiation pattern for the soft gluon given in Eqn. 2.59 using the
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non-azimuthally averaged radiation functions given in Eqn. 2.58. The dashed line gives
the radiation pattern in the angular-ordered approximation where we have dropped the
1/N2c -suppressed terms in Eqn. 2.59 and used the azimuthal-averaged radiation function.
Azimuthal correlations can be included inside the angular-ordered cones after the full
parton shower has been generated [85]. This leads to the improved angular-ordered ap-
proximation where we use the full radiation function, Eqn. 2.58, inside the angular ordered
cone and the azimuthal average, i.e. zero, outside the cone. This gives the replacement [81]
W iij −→W iijΘ (θi − θij). (2.69)
This is shown by a dotted line in Fig. 2.6.
The angular-ordering procedure is one way of implementing the phenomenon of colour
coherence. The idea of colour coherence is that if we consider a pair of partons and
a soft gluon at a large angle to them, with respect to the angle between the parton
pair, then this gluon can only resolve the total colour charge of the pair of smaller angle
partons. It is therefore as if the larger-angle soft gluon was emitted before the smaller angle
branchings. There have been a number of experimental studies of colour coherence effects.
In particular the “string effect” in e+e− collisions [86], where there is a suppression of soft
QCD radiation between the two quark jets in three jet events, has been studied. Fig. 2.6
shows that both angular-ordering approximations reproduce the “string effect”, i.e. the
large dip in the soft gluon radiation about θ = 600. There have also been studies of colour
coherence effects between the initial and final states in hadron–hadron collisions [87, 88].
In general, in the soft limit the matrix element can be written as
∑
spins
|Mn+1|2 = g
2
s
ω2
∑
spins
|Mn|2
n∑
i,j 6=i
C iijW
i
ij , (2.70)
where C iij are the colour factors and W
i
ij the dipole radiation functions. After neglecting
the 1/N2c -suppressed terms the colour factors are C
q
qj = 2CF for a quark and its colour
partner, Cggj = CA for a gluon and its colour partner and zero otherwise. The tree-level
colour factor Cm has been absorbed into the tree-level matrix element squared |Mn|2.
We have now obtained a factorized form for the matrix element squared for the emission
of a soft gluon by neglecting the 1/N2c -suppressed terms.
As in the collinear limit, we also need to consider the factorization of the phase space.
As before the phase space for the leading-order process is given by Eqn. 2.27 and the phase
space for the process after the radiation of a soft gluon by Eqn. 2.28. In the soft limit
the momentum of the quark before and after the radiation of the gluon are the same and
therefore
d3pi
2Ei(2π)3
w→0
=
d3pj
2Ej(2π)3
. (2.71)
The momentum of the radiated soft gluon can be written in terms of its energy giving
d3pk
2Ek(2π)3
= ωdω
dΩ
16π3
. (2.72)
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Hence, as in the collinear limit, the phase space factorizes giving
dΦn+1 = dΦnωdω
dΩ
16π3
. (2.73)
This allows us to write the cross section for the emission of a soft gluon in the following
factorized form using Eqns. 2.70 and 2.73,
dσn+1 = dσn
αs
2π
dω
ω
∑
i,j 6=i
dΩi
2π
C iijW
i
ij . (2.74)
After averaging over the azimuthal direction
dσn+1 = dσn
αs
2π
dω
ω
dcos θ
∑
i,j 6=i
C iij
〈
W iij
〉
. (2.75)
Now if we use the angle for the evolution, or as is done in practice
ζ =
pj · pk
EjEk
≃ 1− cos θ, (2.76)
for the branching i→ jk, in the collinear limit we can replace dt/t with dζ/ζ in Eqn. 2.34.
If we take the soft limits of the splitting functions we obtain
lim
z→1
Pqq =
2CF
1− z , (2.77a)
lim
z→1
Pgg =
CA
1− z . (2.77b)
Hence both of these splitting functions are singular in the soft limit, i.e. as z → 1. However
the splitting function for g→ qq¯ is non-singular in the soft limit. The energy of the soft
gluon is given by ω = (1−z)Ei where Ei is the momentum of the particle before the gluon
radiation. Hence dω/ω = dz/(1 − z). This means we can replace C iijdω/ω in Eqn. 2.75
with P (z)dz in the soft limit. We can therefore combine Eqn. 2.34 and Eqn. 2.75 to give
the following equation which correctly includes both the soft and collinear singularities:
dσn+1 = dσn
dζ
ζ
αs
2π
Pji(z)dz. (2.78)
The evolution equation, Eqn. 2.40, can be written in terms of these angular variables
instead of the virtualities we used before,
d(x, ζ) = ∆(ζ)d(x0, ζ0) +
∫ ζ
ζ0
dζ ′
ζ ′
∆(ζ)
∆(ζ ′)
∫ 1
0
dz
αs
2π
P (z)d(x/z, ζ ′). (2.79)
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The new Sudakov-like form factor defined in terms of angles is given by
∆(ζ) = exp
[
−
∫ ζ
ζ0
dζ ′
ζ ′
∫ 1
0
dz
αs
2π
P (z)
]
. (2.80)
As before, we need to choose an infra-red cut-off to regularize the integral, i.e. the Sudakov
form factor becomes
∆(ζ) = exp
[
−
∫ ζ
ζ0
dζ ′
ζ ′
∫ 1−ǫ
ǫ
dz
αs
2π
P (z)
]
. (2.81)
Whereas in the collinear case we imposed a cut-off on the virtuality of the parton, here
we impose a cut-off on the minimum angle of the emission. It is easier however to impose
a cut-off on some energy-like variable and we therefore choose the variable
t˜ = E2ζ, (2.82)
as the evolution variable. It was shown in [84] that for particles with a mass mi and
energy Ei there is no soft radiation for angles θ . mi/Ei. This corresponds to
t˜ . m2i . (2.83)
Hence if we wish to impose a cut-off, t0, on the virtuality of the particle we can impose
t˜ ≥ t0. (2.84)
This is the simplest choice of the cut-off, however by using a different choice we can
include the next-to-leading-log terms (at least for large x) as well [89]. To do this we
must impose a cut-off on the transverse momentum [80]
p2T =
q2jq
2
k sin
2 θ
q2i
=
[
q2jq
2
k − E2jE2k(1− ζ)2
]
q2i
≥ t0, (2.85)
where qi, qj and qk are the three-momenta of the partons i, j and k, respectively. If we
now assume that the particles produced in the branching are massless, this implies
z, (1− z) >
√
t0
2t˜
. (2.86)
To next-to-leading-log accuracy we can neglect the factor of 1/
√
2 which gives the following
cut-off condition for z, √
t0/t˜ < z < 1−
√
t0/t˜. (2.87)
These two limits only allow some phase space for the branching if t˜ ≥ 4t0. This gives the
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Sudakov form factor in terms of this new variable
∆i(t˜) = exp
[
−
∑
j
∫ t˜
4t0
dt˜′
t˜′
∫ 1−√t0/t˜′
√
t0/t˜′
dz
2π
αs
(
z2(1− z)2t˜′)Pji(z)
]
. (2.88)
Although we have averaged over the azimuthal angle for the emission of the gluon in
both the soft and collinear cases, azimuthal effects, e.g. due to spin correlations, can be
included [85] after the full parton shower has been generated.
In processes where there is more than one Feynman diagram it is possible for the
colour flows in the diagrams to be different. This leads to so called “non-planar” terms
from the interference between diagrams with different colour flows. These are not positive
definite and hence cannot be interpreted in a probabilistic way for implementation in the
Monte Carlo procedure. The “non-planar” terms are always suppressed by inverse powers
of Nc. A procedure must be adopted to split up the “non-planar” parts of the tree-level
matrix element to give redefined planar terms with positive-definite coefficients that can
be used in the Monte Carlo procedure. Such a procedure was proposed in [81] and shown
to work correctly for all QCD processes. However, as shown in [90], this is inadequate for
MSSM processes and hence a new procedure was proposed, which we adopt here. In this
procedure the “non-planar” parts of the matrix element are split up according to
|M |2full,i =
|M |2i
|M |2planar
|M |2tot, (2.89)
where |M |2i is the matrix element squared for the ith colour flow, |M |2planar is the sum of the
matrix elements squared for the planar colour flows, and |M |2tot is the total matrix element
squared. This ensures that the redefined planar terms, |M |2full,i, are positive definite and
have the correct pole structure. This can be implemented numerically.
In this section we have explained how by using a Markov branching procedure we can
resum both the soft and collinear singularities in QCD. In the next section we will discuss
how this procedure can be implemented numerically.
2.3.3 Monte Carlo Procedure
The ratio of Sudakov form factors ∆(t1)/∆(t2) gives the probability of evolving downwards
from the scale t1 to the scale t2 without resolvable emission. We can therefore implement
the parton-shower algorithm numerically by solving
∆(t1)
∆(t2)
= R, (2.90)
where R is a random number uniformly distributed between 0 and 1.2 Using Eqn. 2.90,
given the initial scale t1, we can generate the scale of the next branching. If the value
of R is smaller than ∆(t1) there is no solution of Eqn. 2.90 for t2 > t0. This is because
2This interval includes both of the end points, i.e. 0 ≤ R ≤ 1.
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∆(t) increases as the scale decreases and ∆(t0) = 1. This procedure correctly gives the
probability that there is no resolvable branching.
If a solution t2 > t0 exists we need to generate the momentum fraction z = x2/x1 of
the parton after the branching. This is done by solving∫ z
√
t0/t˜′
dz′
αs
2π
P (z′) = R′
∫ 1−√t0/t˜′
√
t0/t˜′
dz′
αs
2π
P (z′), (2.91)
where R′ is a second uniformly distributed random number in the interval [0, 1].
We have discussed the parton-shower procedure for the final state, e.g. in e+e− → qq¯.
However in processes involving hadrons in the initial state the QCD radiation from the
incoming partons must also be generated, e.g. in Drell-Yan qq¯→ ℓ+ℓ−. There are two
ways in which this can be achieved:
Forward Evolution. Starting at the cut-off scale with the parton distribution function,
f(x0, t0), which is evolved to the scale of the hard collision. This starts with the ini-
tial momentum fraction x0 and generates the momentum fraction xn of the partons
in the hard collisions after n branchings.
Backward Evolution. Starting with the momentum fractions of the partons involved in
the hard collision the partons are evolved backwards to give the parton branchings
from which they came.
The problem is that forward evolution will often generate momentum fractions, xn,
which give a small contribution to the total cross section and are therefore rejected,
i.e. forward evolution is inefficient. However with backward evolution we can generate
those momentum fractions which give large contributions to the cross section, hence this
is more efficient.
The backward evolution is set up in the following way. First we can write an evolution
equation for the parton distribution functions in the same way as for the fragmentation
functions in Eqn. 2.40,
t
∂
∂t
(
f
∆
)
=
1
∆
∫ 1
0
dz
z
αs
2π
P (z)f(x/z, t), (2.92)
f(x, t) = ∆(t)f(x, t0) +
∫ t
t0
dt′
t′
∆(t)
∆(t′)
∫ 1
0
dz
z
αs
2π
P (z)f(x/z, t′). (2.93)
We can now define df(x, t2) as the fraction of partons with momentum fraction x and scale
t2 which came from branchings between the scale t and t+ δt. This gives the probability
of no branching between the scales t1 and t2,
Π = 1−
∫ t2
t1
df. (2.94)
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Now from the evolution equation, Eqn. 2.93,
f(x, t2)df =
δt
t
∆(t2)
∆(t)
∫ 1
0
dz
z
αs
2π
P (z)f(x/z, t), (2.95)
= δt
∂
∂t
[
∆(t2)
∆(t)
f(x, t)
]
. (2.96)
Hence we can substitute into Eqn. 2.94 for df and perform the integral to give the prob-
ability of no branching between the scales t1 and t2, Π, in a more useful form
Π =
f(x, t1)∆(t2)
f(x, t2)∆(t1)
. (2.97)
Therefore instead of the Sudakov form factor for the backwards evolution we should
use ∆(t)/f(x, t). We can then generate the correct scale for the branching by solving
Eqn. 2.90 with this modified Sudakov form factor, i.e. by solving Π = R where R is a
random number uniformly distributed between 0 and 1.
As in the forward evolution case after we have generated the scale of the next branching
we need to find the momentum fractions of the partons produced in the branching. In
the forward evolution case this is done by solving Eqn. 2.91. This equation is modified for
the backwards evolution algorithm to give∫ z
√
t0/t˜′
dz′
αs
2π
P (z′)
z′
f(x2/z
′, t1) = R′
∫ 1−√t0/t˜′
√
t0/t˜′
dz′
αs
2π
P (z′)
z′
f(x2/z
′, t1), (2.98)
where again R′ is a random number uniformly distributed between 0 and 1.
2.3.4 Summary
We have explained how the cross section for n+1 partons factorizes in both the collinear
and soft limits into a universal splitting term and the cross section for n partons. Both
of these limits can be implemented by using angles as the evolution variable in a Markov
branching procedure. We start at the hard cross section, normally with a two-to-two
process. The maximum angle of emission from a parton is set by the direction of the
colour partner. We then generate some smaller angle parton, e.g. a gluon from a quark.
Then we repeat the procedure, e.g. the gluon’s colour partner is now the colour partner
of the original quark, and its anticolour partner the quark, and the colour partner of the
quark is the gluon. One of the partons will now radiate with the maximum angle given by
the direction of the new colour partner and so on until the cut-off below which emission
does not occur is reached. This procedure resums both the leading soft and collinear sin-
gularities. If the initial state contains partons the radiation from these incoming partons
can be generated by using a backward evolution algorithm which is more efficient than
forward evolution in this case.
After the parton-shower phase we are left with partons with a low virtuality which
must then form the observed hadrons. In the next section we will discuss the various
phenomenological models for the hadronization process which are currently used in Monte
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Carlo event generators.
2.4 Hadronization
There are a number of different phenomenological models of the hadronization process
which are used in different Monte Carlo event generators:3
Independent Fragmentation. This was the first proposed hadronization model [91]
and is the simplest scheme. In this method, for example for the hadronization of a
quark, a quark–antiquark pair is created from the vacuum, the original quark and
the antiquark then form a meson. The procedure is then repeated for the quark
which was created and so on until the energy of the remaining quark falls below
some cut-off. This model leads to violations of energy and momentum conservation
which must be corrected after the hadronization phase is finished. The colours and
flavours of the left-over partons must also be neutralized at this stage.
String Model. In this model [92] the quark and antiquark produced in e+e− collisions
are assumed to be joined by a relativistic string. As the quark and antiquark move
apart the string breaks via the production of a qq¯ pair in the colour field of the
string. The original quark is now connected by a string to the produced antiquark
and the original antiquark to the produced quark. This procedure is repeated until
there is insufficient energy to break the colour strings any further. The qq¯ pairs
connected by the strings then give the observed hadrons.
Cluster Model. This model is based on the idea of colour preconfinement [93]. This
suggests that if we consider the pairs of colour-connected partons left after the
parton-shower phase they have a mass spectrum which falls rapidly at high masses,
is independent of Q2 and universal (see Fig. 2.19a). The model then decays these
clusters into the observed hadrons. As this is the model used in the HERWIG event
generator we will now discuss it in more detail.
The cluster model proceeds in the following way. The gluons left after the end of
the parton-shower phase are non-perturbatively split into qq¯ pairs. The colour-connected
quarks and antiquarks are then formed into colour-singlet clusters. The cluster mass
spectrum is shown in Fig. 2.19a. The exact form of this spectrum will depend on the
QCD scale Λ, the cut-off scale t0 and the mechanism used to split the gluons into qq¯
pairs. Fig. 2.19a shows the spectrum for a low value of the cut-off t0. Most clusters have
masses of a few GeV and it is therefore reasonable to assume they are superpositions of
the known hadrons. In general, as the clusters are too massive to be any of the observed
hadrons they are assumed to decay into a pair of hadrons, either two mesons or a baryon
and an antibaryon, with the type of hadron determined by the available density of states,
i.e. phase space times the spin degeneracy.
A simple extension of this model is used for hadron remnants. If we consider the
example of a collision in which a valence quark in the proton participates in a hard
3A more detailed review of the various hadronization models can be found in [12, 79].
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process, the two remaining valence quarks are left in the final state. These valence quarks
are paired up into a “diquark” which, in the planar approximation, carries an anticolour
index and can be treated like an antiquark. The resulting cluster has baryonic quantum
numbers and decays into a baryon and a meson.
The procedure for selecting the hadrons produced in these cluster decays works as
follows [94]. We will consider the procedure for a cluster containing a quark–antiquark
pair q1q¯2, where 1, 2 are any of the quark flavours d, u, s, c and b which hadronize before
decaying. If the cluster is too light to decay into two hadrons it is taken to represent the
lightest single hadron of its flavour. Its mass is shifted to the appropriate value by an
exchange of momentum with a neighbouring cluster in the jet. Those clusters massive
enough to decay into two hadrons decay into pairs of hadrons selected in the following
way. Another flavour q3 or d3 is randomly selected where q3 = u, d, s is one of the three
light quark flavours and d3 is one of the six corresponding diquarks, i.e. dd, du, ds, uu,
us, ss. The flavours of the decay products are taken to be either q1q¯3 and q3q¯2, a two-
meson decay, or q1d3 and d¯3q¯2, a baryon–antibaryon decay. Each decay product is then
randomly selected from a list of resonances with the correct flavours. A weight, W , for a
given pair of resonances is calculated by taking the available phase space weighted with
the spin degeneracy. This is compared with a random number, i.e. the pair of hadrons is
accepted if
W ≥ R×Wmax, (2.99)
where Wmax is the maximum possible weight and R is a uniformly distributed random
number in the range [0, 1]. If this weight is rejected the whole procedure is repeated.
In the original model [94, 95] each cluster was assumed to decay isotropically in the rest
frame of the cluster into a pair of hadrons. However, in the current implementation of the
model [2] hadrons containing quarks from the perturbative stage of the event continue in
the same direction, in the cluster rest frame, as the original quark.
While it is reasonable to assume that low mass clusters are superpositions of hadron
resonances there is a small fraction of high mass clusters for which this is not a reasonable
approximation. These clusters must first be split using a string-like mechanism [94], into
lighter clusters, before they are decayed into hadrons.
2.5 Monte Carlo Event Generators
There are a number of Monte Carlo event generators currently available which implement
different hadronization models and treat the parton-shower phase in different ways. In
general there are three main types of Monte Carlo event generator depending on which
hadronization model is used.
The ISAJET event generator [75] uses the original independent fragmentation model of
[91]. However the treatment of the parton-shower phase does not include colour coherence
effects. This model was successful in explaining moderate energy e+e− data but gives poor
agreement with the current LEP and Tevatron data. ISAJET is still commonly used,
particularly for studies of supersymmetric processes, due to the large number of SUSY
production processes and decays which are implemented.
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The JETSET event generator [96] uses the string hadronization model and a final-state
parton shower which includes colour coherence effects. However, colour coherence effects
are only partially included in the initial-state parton shower via a veto algorithm. This
simulation is in impressive agreement with the experimental measurements of hadronic
final states, particularly in e+e− collisions, up to the highest energies currently studied.
JETSET is used to perform the hadronization for a range of event generators, PYTHIA
[96], LEPTO [97] and ARIADNE [98], which uses a different formalism for the parton-
shower phase. There is also a supersymmetric extension, SPYTHIA [99], and a simulation
of SUSY in e+e− collisions, SUSYGEN [100], which use JETSET to perform the parton-
shower and hadronization phases.
The HERWIG event generator uses a cluster hadronization model with full treatment
of colour coherence effects in both the initial- and final-state parton showers. The agree-
ment with the e+e− data is not as good as with the string hadronization model used in
JETSET, however there are fewer adjustable parameters in the model. HERWIG pro-
vides better agreement, in hadron–hadron collisions, for observables which are sensitive
to colour coherence effects.
In the next two sections we will discuss how to implement 6Rp SUSY processes into
the HERWIG event generator.
2.6 Angular Ordering in 6Rp
In Standard Model and MSSM processes, apart from complications involving processes
where there are “non-planar” terms [90], the angular-ordering procedure is relatively
straightforward to implement. However in 6Rp SUSY there are additional complications.
The lepton number violating processes, which come from the first two terms in the
superpotential, Eqn. 1.63, have colour flows which are the same as those which occur in
the MSSM. On the other hand the baryon number violating interactions, which come from
the third term in Eqn. 1.63, have a very different colour structure involving the totally
antisymmetric tensor, ǫc1c2c3. We look first at the colour structure of the various baryon
number violating decays which we include in the Monte Carlo simulation and then at the
structure of the various hard scattering processes.
2.6.1 Decays
From the point of view of the colour structure there are three types of baryon number
violating decays which we include in the Monte Carlo simulation:
1. two-body 6B decay of an antisquark to two quarks or a squark to two antiquarks;
2. three-body 6B decay of a colourless sparticle, i.e. neutralino and chargino, to three
quarks or antiquarks;
3. three-body 6B decay of the gluino to three quarks or antiquarks.
In general it is possible to consider, for example, the decay of a neutralino to three
quarks as either a three-body decay or two sequential two-body decays, of the neutralino
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to an antisquark and a quark, and then of the antisquark to two quarks. If either of the
two sequential two-body decays are kinematically forbidden, i.e. they can only proceed
if the internal particle in the three-body decay is off-shell, we consider the decay to be
three-body, otherwise we treat the decay as two sequential two-body decays.
The problem is how to implement the angular-ordering procedure for these processes.
We shall consider these processes using the eikonal current with an arbitrary number of
colours as was done in Section 2.3.2 for the process e+e− → qq¯g. In these 6Rp processes
this means we need to consider the decay of an antisquark to (Nc − 1) quarks and of the
neutralino, chargino and gluino to Nc quarks. We also have to use the generalization to
Nc colours of the antisymmetric tensor, i.e. ǫ
c1...cNc .
2.6.1.1 Squark Decays
For the decay of an antisquark to (Nc−1) quarks the leading infrared contribution to the
soft gluon distribution has the factorized form
M(p0, p1, p2, . . . , pNc−1; q) = gsm(p0, p1, p2, . . . , pNc−1) · J(q), (2.100)
where
• m(p0, p1, p2, . . . , pNc−1) is the tree-level matrix element for an antisquark, with mo-
mentum p0, to decay to Nc − 1 quarks, with momenta p1, . . . , pNc−1.
• M(p0, p1, p2, . . . , pNc−1; q) is the tree-level matrix element for the decay of an anti-
squark to Nc − 1 quarks including the emission of an extra soft gluon with momen-
tum q.
• J(q) is the non-Abelian semi-classical current for the emission of the soft gluon, with
momentum q, from the hard partons.
• c0 is the colour of the decaying antisquark and c1, . . . , cNc−1 are the colours of the
quarks.
Again the current, J(q), is given by, J(q) =
∑
s=1,2
Jb,µ(q)ε∗µ,s where
Jb,µ(q) =
(
pµ0
p0 · q
)
tb,q˜
∗
c0c′0
ǫc
′
0c1...cNc−1 +
Nc−1∑
i=1
(
pµi
pi · q
)
tb,qicic′i
ǫc0...c
′
i...cNc−1, (2.101)
b and µ are the colour and Lorentz indices of the emitted gluon, and tb,q˜
∗
and tb,qi are the
colour matrices of the antisquark and quarks, respectively.
We can now obtain the soft gluon distribution simply by squaring the current,
J2(q) = −CFNc(Nc − 2)!
[
Nc−1∑
i=1
(
p0
p0 · q −
pi
pi · q
)2
+
Nc−2∑
i=1
Nc−1∑
j>i
(
pi
pi · q −
pj
pj · q
)2]
.
(2.102)
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Figure 2.7: Radiation pattern for the decay q˜∗ → qq. The quarks produced in the decay are in
the directions θ = 00 and θ = 1800. In this case the lines for the two different angular-ordering
approximations are indistinguishable from the full result.
This can be expressed in terms of the radiation functions, as in Eqn. 2.55. The tree-
level colour factor is now Cm = ǫ
c0...cNc−1ǫc0...cNc−1 = Nc!, where we have not averaged over
the initial colours, and the radiation pattern is given by
W (Ωq) =
−ω2CF
(Nc − 1)
[
Nc−1∑
i=1
(
p0
p0 · q −
pi
pi · q
)2
+
Nc−2∑
i=1
Nc−1∑
j>i
(
pi
pi · q −
pj
pj · q
)2]
. (2.103)
We can reexpress this result in terms of the functions given in [84],
W (Ωq) =
2CF
(Nc − 1)
Nc−1∑
i=0
Nc−1∑
j 6=i
W iij . (2.104)
This is exactly the same result as was obtained in [101], in the context of baryon
number violation in the Standard Model, except that the massless radiation functions
of [101] are replaced by the massive functions here.
We can now consider the radiation pattern given by this result. If we average over
the azimuthal angle for the emission of the soft gluon about one of the final-state quarks
we have two contributions to the radiation from this quark: the first is from radiation
in a cone about the direction of the quark up to the direction of the decaying squark;
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Figure 2.8: UDD decays of the χ˜+. The index l = 1, 2 gives the mass eigenstate of the
chargino, the indices i, j, k = 1, 2, 3 give the generation of the fermions and sfermions, and the
index α = 1, 2 gives the mass eigenstate of the sfermion. The conventions for the mixings of the
sfermions and electroweak gauginos are discussed in Appendix A.
the second is from radiation in a cone up to the direction of the other quark produced
in the decay, if we only consider three colours. The coefficient of the radiation functions
describing the radiation into these cones is suppressed by a factor of 1/(Nc−1) = 1/2 with
respect to the Standard Model case where the quark can only radiate up to the direction
of its colour partner. If we wish to include these decays in the parton shower we need to
have one maximum angle for the emission of QCD radiation from the quark, to give the
initial conditions for the parton-shower algorithm. This leads to the following approach
for treating the soft gluon radiation from this process: the quarks from the decay are
randomly colour connected to either the decaying antisquark or the other quark. The
direction of this colour partner gives the maximum angle for the QCD radiation from
the quark. On average, this correctly treats the soft gluon radiation from the decay
products. We cannot treat this radiation pattern correctly on an event-by-event basis, a
parton can only have one colour partner whose direction gives the maximum angle for the
emission of QCD radiation. However if we consider all the events the radiation is treated
correctly because we have picked the colour partners with the correct probabilities, i.e. the
coefficients in Eqn. 2.104, 1/(Nc − 1) = 1/2. A similar situation also occurs in Standard
Model events where the gluon has both a colour and an anticolour partner. When we
perform the evolution of the gluon we must pick one of these, with equal probability, to
give the maximum angle for the radiation from the gluon.
It should be noted that this is only the colour connection for the angular-ordering
procedure. The colour connections for the hadronization of these events will be discussed
in Section 2.7. The radiation pattern for this process is shown in Fig. 2.7 in the rest frame
of the decaying antisquark. This shows radiation between the two quarks produced in the
antisquark decay as there is no QCD radiation from the antisquark in its rest frame.
In general the QCD radiation from sparticles, which are in the initial state here, is
neglected in HERWIG. We would expect this approximation to be valid for two reasons:
firstly the sparticles will usually have a short lifetime and secondly, due to their heavy
masses, the QCD radiation will also be suppressed unless they have momenta much greater
than their masses. However for the decays we are considering, we can include the effects
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Figure 2.9: UDD decays of the χ˜0. The indices i, j, k and α are defined in the caption of
Fig. 2.8. Here the index l = 1, . . . , 4 gives the mass eigenstate of the neutralino.
of radiation from the decaying sparticles. This is done by treating the radiation in the
rest frame of the decaying squark where there is no radiation from the decaying sparticle,
which HERWIG would not generate anyway. However, as stated in Section 2.3.2, while the
radiation from individual partons, i.e. W iij , is not Lorentz invariant the dipole radiation
functions are. Hence the total radiation pattern is Lorentz invariant and therefore, by
treating the decay in the rest frame of the decaying particle, we correctly include the
QCD radiation from the decaying particle when we boost back to the laboratory frame.
2.6.1.2 Neutralino and Chargino Decays
The charginos decay via the processes shown in Fig. 2.8 and the neutralinos via the pro-
cesses in Fig. 2.9. If we consider the QCD radiation from the decay of a colour-neutral
object which decays, for an arbitrary number of colours Nc, to Nc quarks, then we see
that there is only one possible colour flow for this process. The squarks appearing in these
processes, q˜iα, can be either of the states α = 1, 2 resulting from the mixing of q˜iL and
q˜iR. This is discussed in more detail in Appendix A.
In fact, the colour structure of this process is very similar to that of the squark decay
and the matrix element in the soft limit can be written in the same factorized form as
before. Again we can express the current as in Eqn. 2.55, where here the tree-level colour
factor Cm = ǫ
c0...cNc−1ǫc0...cNc−1 = Nc!, and the radiation function is given by
W (Ωq) =
2CF
(Nc − 1)
Nc∑
i=1
Nc∑
j 6=i
W iij . (2.105)
This result can be interpreted in the same way as for the squark decay considered in
the previous section. If we now only consider three colours, this radiation pattern gives
two contributions to the radiation from a given final-state quark, after averaging over the
azimuthal angle of the radiated gluon about that quark. For this process both of these
contributions are from radiation in cones up to the directions of either of the other quarks
produced in the decay, for three colours. The contribution from the radiation into these
cones in suppressed by a factor of 1/(Nc − 1) = 1/2 relative to the case where the quark
has a unique colour partner. Hence we can interpret this radiation pattern as saying that
a quark in the final state should be randomly connected to any of the other quarks from
the neutralino or chargino decay. Again this is only the colour connection for the angular-
ordering procedure, the colour connections for the hadronization phase are discussion in
Section 2.7.
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Figure 2.10: Radiation pattern for the radiation of a soft gluon in the decay χ˜0/+ → qqq. The
decay is in the rest frame of the gaugino and the quarks are along the directions θ = 00, θ = 1200
and θ = 2400. The solid line gives the full radiation pattern, the dashed line the angular-ordered
approximation and the dotted line the improved angular-ordered approximation.
The radiation pattern for this process is shown in Fig. 2.10. As can been seen this
pattern is more symmetric than the radiation from the process e+e− → qq¯g, Fig. 2.6. In
particular there is an equal amount of soft gluon radiation between all the quarks, due to
the random colour connection structure at the 6B vertex, rather than the reduced radiation
between the quark and antiquark in e+e− → qq¯g which occurs because the quark and the
antiquark are not colour connected.
2.6.1.3 Gluino Decays
The colour structure of the gluino decay is very different from that of the colourless objects
or the squarks which we have already considered, the diagrams for this process are shown
in Fig. 2.11. Again if we consider an arbitrary number of colours, Nc, the gluino will decay
to Nc quarks. In this case there will be Nc possible colour flows, corresponding to the
Feynman diagrams and colour flows shown in Fig. 2.12. These different colour flows will
lead to “non-planar” terms which must be dealt with.
The leading infrared contribution to the soft gluon distribution can be written in the
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Figure 2.11: UDD decays of the g˜. As before, the indices i, j, k = 1, 2, 3 are the generations of
the fermions and sfermions.
factorized form,
M(p0, p1, p2, . . . , pNc ; q) = gs
Nc∑
i=1
mi(p0, p1, p2, . . . , pNc) · Ji(q), (2.106)
where
• mi(p0, p1, p2, . . . , pNc) is the tree-level matrix element for the three-body gluino de-
cay for the ith possible colour flow.
• M(p0, p1, p2, . . . , pNc ; q) is the tree-level matrix element for the three-body gluino
decay including the emission of an extra soft gluon of momentum q.
• Ji(q) is the non-Abelian semi-classical current for the emission of a soft gluon, with
momentum q, from the hard partons for the ith possible colour flow.
Again the current has the form Ji(q) =
∑
s=1,2
Jb,µi (q)ε
∗
µ,s, where in this case
Jb,µi (q) = i
(
pµ0
p0 · q
)
f ba
′ata
′
cic′i
ǫc1...c
′
i...cNc +
(
pµi
pi · q
)
tbcic′it
a
c′ic
′′
i
ǫc1...c
′′
i ...cNc
+
Nc∑
j=1,j 6=i
(
pµj
pj · q
)
tbcjc′jt
a
cic′i
ǫc1...c
′
i...c
′
j ...cNc . (2.107)
The first term describes the radiation of a gluon by the decaying gluino and the second
two terms describe radiation from the quarks produced in the gluino decay.
We can write the matrix element squared for this process as
|M(p0, p1, p2, . . . , pNc ; q)|2 = g2s
Nc∑
i=1
|mi(p0, p1, p2, . . . , pNc)|2 · |Ji(q)|2
+g2s
Nc∑
i=1
Nc∑
j=1,j 6=i
mim
∗
j · Ji(q) · J∗j(q). (2.108)
The procedure of [90], which was described in Section 2.3.2, can be used with the
matrix elements for this process, given in Appendix B, to deal with the “non-planar”
terms. We will now consider the radiation pattern of the planar terms. The current can
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Figure 2.12: Baryon number violating decay of the g˜. There are Nc − 1 quarks coupling to
the squark at the lower vertex, i.e. all the quarks produced in the gluino decay apart from the
quark i.
be written as in Eqn. 2.55 where here the tree-level colour factor
Cm = t
b
cic′i
ǫc1...c
′
i...cNctbc′′i ciǫ
c0...c′′i ...cNc = CFNc!. (2.109)
We have not averaged over the initial colours and the radiation function is given by
W (Ωq) = CAW
0
0i + 2CFW
i
i0 +
2CF
(Nc − 1)
Nc∑
j 6=i,k 6=j
W jjk +
1
(Nc − 1)
Nc∑
j 6=i
(
CAW
0
0j + 2CFW
j
j0
)
+
1
Nc
W ii0 +
1
Nc(Nc − 1)
Nc∑
j 6=i
(
W jj0 −W iij −W jji
)
. (2.110)
This planar part of the soft radiation pattern gives us the result we would na¨ıvely expect.
The radiation pattern, Eqn. 2.110, contains terms, the second line of Eqn. 2.110, which
are of order 1/N2c with respect to the leading-order terms which we shall neglect as in
Section 2.3.2. The first term, in Eqn. 2.110, describes radiation from the gluino up to the
direction of the ith quark. The second term describes radiation from the direction of the
ith quark up to the direction of the gluino. Hence the colour line of the gluino and the
ith quark should be colour connected as for MSSM processes.
As for both the squark and electroweak gaugino decays we have already considered we
must now assign colour partners, with the correct probabilities, for the remaining quarks
and the anticolour line of the gluino. The third term, in Eqn. 2.110, after azimuthal
averaging, describes radiation from the direction of one of the final-state quarks, which is
not connected to the colour line of the gluino, up to the directions of all the other final-
state quarks, apart from the quark which is connected to the colour line of the gluino.
The next term then describes radiation from the anticolour line of the gluino in cones up
to the directions of all the final-state quarks, apart from the quark which is connected
to the colour line of the gluino. The final, non-suppressed, term describes radiation from
one of the final-state quarks, not connected to the colour line of the gluino, up to the
direction of the gluino. We can therefore treated the anticolour line of the gluino and
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Figure 2.13: Soft gluon radiation pattern for g˜→ qqq. The decay is in the rest frame of the
gluino and the quarks are along the directions θ = 00, θ = 1200 and θ = 2400. The quark at
θ = 00 is colour connected to the gluino in the standard MSSM way while the other two quarks
are colour connected to the gluino via the 6B vertex. As before, the solid line gives the full
radiation pattern, the dashed line the angular-ordered radiation pattern and the dotted line the
improved angular-ordered radiation pattern.
the remaining quarks in the same way as a decaying antisquark. The anticolour line of
the gluino should be randomly connected to one of the quarks which is not connected to
the colour line of the gluino and the final-state quarks which are not connected to the
colour line of the gluino should be connected at random to either the anticolour line of
the gluino or the other final-state quark which is not connected to the colour line of the
gluino. This assigns the colour partners with the correct probabilities. This is only the
procedure for one of the Nc possible planar diagrams.
If we now consider all the possible planar colour flows the correct procedure is to
connect the ith quark to the colour line of the gluino in the standard MSSM way with
probability given by
|M |2
full,i
|M |2tot
, where |M |2full,i is given by Eqn. 2.89. We can then treat the
anticolour line of the gluino and the remaining quarks as an antisquark decaying to quarks.
The soft gluon radiation pattern for one of the possible planar diagrams is shown in
Fig. 2.13. There is slightly less radiation between the quark at θ = 00 and the other
two quarks as the quark at θ = 00 is not colour connected to either of the other two
quarks. There is however more radiation between the other two quarks which are colour
connected.
Chapter 2: Monte Carlo Simulations 64
qNc−1
qlqi
qNc−1
q˜RNc
Figure 2.14: Resonant squark production followed by 6B decay for an arbitrary number of
colours Nc.
2.6.2 Hard Processes
In addition to the decays which we have already discussed there are a number of baryon
number violating hard subprocesses which we include in the simulation. All of the colour
structures of the hard processes which actually violate baryon number have already been
discussed, as these processes are merely crossed versions of the various decays discussed
above. However, in addition to these processes there are some hard processes which occur
via the third term in the superpotential but involve no net baryon number violation,
e.g. Fig. 2.14.
In this section we will only discuss this type of process which cannot be obtained by
crossing the previous results.
2.6.2.1 Resonant Squark production followed by 6B Decay
As before, we will consider the process in Fig. 2.14 for an arbitrary number of colours, Nc.
We can write the matrix element for the emission of an extra soft gluon in the form
M(p1, . . . , pNc−1 : k1, . . . , kNc−1; q) = gsm(p1, . . . , pNc−1 : k1, . . . , kNc−1), ·J(q), (2.111)
where
• m(p1, . . . , pNc−1 : k1, . . . , kNc−1) is the tree-level matrix element for the (Nc − 1)
quarks to (Nc − 1) quarks scattering.
• M(p1, . . . , pNc−1 : k1, . . . , kNc−1; q) is the tree-level matrix element for the (Nc − 1)
quarks to (Nc − 1) quarks scattering with the emission of an extra soft gluon with
momentum q.
• J(q) is the non-Abelian semi-classical current for the emission of the soft gluon, with
momentum q, from the hard partons.
• p1, . . . , pNc−1 are the momenta of the partons in the initial state.
• k1, . . . , kNc−1 are the momenta of the partons in the final state.
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Figure 2.15: Soft gluon radiation pattern for qq→ q˜∗ → qq. The incoming quark directions
are θ = 00 and θ = 1800. The outgoing quark directions are θ = 1350 and θ = 2250. This
process is shown in a frame which is boosted along the beam direction as will usually occur
in hadron–hadron collisions. The solid line gives the full radiation pattern, the dashed line the
angular-ordered approximation and the dotted line the improved angular-ordered approximation.
Again the current has the form J(q) =
∑
s=1,2
Jb,µ(q)ε∗µ,s, where in this case
Jb,µ(q) = −
Nc−1∑
i=1
(
pµi
pi · q
)
tbc′iciǫ
c1...c′i...cNc ǫd1...dNc−1cNc
+
Nc−1∑
i=1
(
kµi
ki · q
)
tbdid′iǫ
c1...cNc−1dNc ǫd1...d
′
i...dNc , (2.112)
where b and µ are the colour and Lorentz indices of the emitted gluon, respectively.
We can obtain the soft gluon distribution by squaring the current. The result can be
rewritten using Eqn. 2.55 where the tree-level colour factor is given by
Cm = Nc!(Nc − 1)!. We have not averaged over the initial colours, and the radiation
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function is given by
W (Ωq) =
2CF
(Nc − 1)
Nc−1∑
i=1
∑
j 6=i
W iij +
2CF
(Nc − 1)
Nc−1∑
l=1
∑
m6=l
W llm
+
2CF
(Nc − 1)2
Nc−1∑
i=1
Nc−1∑
l=1
(
W ili +W
l
il
)
, (2.113)
where the partons i and j are in the initial state and the partons l and m are in the final
state.
If we now only consider three colours, the first term in this radiation pattern describes
radiation from one of the initial-state quarks in cones up to the direction of the other
initial-state quark, after azimuthal averaging. Similarly, the second term describes radi-
ation from the direction of one of the final-state quarks up to the direction of the other
final-state quark. Both of these have probability 1/(Nc − 1) = 1/2 relative to the case of
a quark and its Standard Model colour partner. The remaining terms describe radiation
from one of the final-state quarks up to the direction of either of the initial-state quarks
and radiation from one of the initial-state quarks up to the direction of either of the
final-state quarks. The probability for radiation from one of the final-state quarks up to
the direction of one of the incoming quarks is 1/(Nc− 1)2 = 1/4 relative to the Standard
Model case.
This radiation pattern gives quite an unusual angular-ordering procedure. If we con-
sider one of the quarks in the initial state, this quark should be randomly connected to
any of the other quarks in the initial state or to the intermediate squark. If the quark
is connected to the intermediate squark it should then be randomly connected to any of
the final-state quarks. Similarly the final-state quarks are connected at random to any
of the other final-state quarks or the intermediate squark, and again quarks connected to
the intermediate squark are then randomly connected to any of the initial-state quarks.
This correctly assigns the probabilities of the colour partners described above.
The radiation pattern for this process is shown in Fig. 2.15. There is less radiation
between the two outgoing quarks and the quark at θ = 00 than between the outgoing
quarks and the quark at θ = 1800. This is because, while there are some colour connections
between the incoming and outgoing quarks, due to the random nature of the colour
connection at the 6B vertex, the main colour connection is between the two quarks in the
initial state and the two quarks in the final state. As the angular distance between the
two outgoing quarks is smaller about θ = 1800 there is more radiation in this direction.
2.7 Hadronization of 6Rp Processes
As we saw in Section 2.6, it is possible to angular order the baryon number violating
decays and hard processes. It is then necessary to decide how to hadronize these events
using the cluster hadronization model [94] in order to include a full simulation of these
processes in the HERWIG event generator. The procedure described in Section 2.4 also
works for the MSSM provided that the lifetime of the coloured sparticles does not exceed
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Figure 2.16: The Feynman diagram and colour flow for the hadronization of a 6B neutralino
decay. No QCD radiation from the central quark has been shown for simplicity, in general this
quark can also radiate.
the hadronization time-scale. However, some modifications to this model are required for
6Rp processes.
In the Standard Model and MSSM cases the colour partner for the colour coherence
effects and for the hadronization phase are always the same. However in the 6B decays and
hard processes we see for the first time cases where the colour connection for the angular
ordering and for the hadronization can be different. This is because while the colour
connection for the angular-ordering procedure is determined by the eikonal current, the
colour connection for the hadronization phase is defined by the colour flow in the leading-
order diagram. When baryon number is conserved these are identical, however when
baryon number is violated, there are cases where the two are different.
First we consider the simplest type of decay, i.e. a neutralino or chargino decaying
to three quarks. The method described in Section 2.6 correctly implements the angular-
ordering procedure. After the parton-shower phase (and the splitting of the remaining
gluons into quark–antiquark pairs) we will be left with pairs of colour-connected partons
forming colour singlets as well as three further quarks. An example of this is shown
in Fig. 2.16. These three remaining quarks form a colour singlet with baryonic quantum
numbers, a baryonic cluster. To handle baryonic clusters HERWIG needs the constituents
to be labelled as one quark and one diquark rather than three quarks, so we randomly pair
two of them into a diquark. In our example in Fig. 2.16 the three quarks in the middle
together form a colour singlet. Two of these quarks are paired into a diquark which
combines with the remaining quark to form a baryonic cluster. The mesonic clusters will
decay to give either two mesons, or a baryon–antibaryon pair, while the baryonic cluster
will decay to give a meson and a baryon.
This procedure is relatively easy to implement in the case of electroweak gaugino
decays. However it becomes more difficult in the case of the 6B decay of an antisquark
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Figure 2.17: Hadronization with one 6B decay.
to two quarks. If the anticolour partner of the decaying antisquark is a particle which
decays via a baryon number conserving process then the two quarks and the particle which
gets the colour of the second decaying particle can be clustered as in the neutralino case,
e.g. in Fig. 2.17 the ui, dj, and dk should be formed into a baryonic cluster. In general, we
do not form these quarks into the colour-singlet baryonic cluster but the parton produced
in the parton shower of these partons which inherits the colour of the showering parton,
as in Fig. 2.16.
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Figure 2.18: Hadronization with two 6B decays.
However, if this second particle decays via 6B then the procedure must be different, as
shown in Fig. 2.18. Here, instead of forming one baryonic cluster, we form two mesonic
clusters. This is done by pairing the dk randomly with either the d¯l or d¯m into a standard
colour-singlet cluster, the remaining quark and antiquark are also paired into a colour-
singlet cluster. This is not the colour connection for the angular ordering procedure but
the colour connection for the hadronization phase, which is different in this case and
determined by the colour flow in the tree-level diagram.
This leaves the case of the gluino decay which looks more complicated but can be
considered by treating the colour line as normal and the anticolour line like a decaying
antisquark. If the anticolour partner of the gluino is a Standard Model particle or decays
via a baryon number conserving MSSM decay mode we form the three quarks into a
baryonic cluster. However if the anticolour partner decays via a 6B mode we then form
two mesonic clusters.
There is one further type of colour flow to be considered, which is the production
of a resonant squark via baryon number violation which then also decays via 6B. The
correct hadronization procedure in this case is similar to that adopted for the case of
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Figure 2.19: Distributions of the colour-singlet cluster masses. The baryon number conserving
clusters come from e+e− events at the given centre-of-mass energy,
√
s, whereas the baryon
number violating clusters come from decays of neutralinos at the given masses.
two colour connected 6B decays. We randomly connect one of the final-state quarks to
the colour partners of either of the initial-state quarks to form a colour-singlet cluster.
The remaining final-state quark can then be paired with the colour partner of the other
initial-state quark. This gives two colour-singlet clusters. Again the colour partner for
hadronization is determined by the colour flow in the tree-level diagram.
Using the procedures we have outlined above it is possible to hadronize any of the 6B
decays or hard processes. There is however one potential problem. The cluster model
is based on the idea of colour preconfinement. In 6B processes we see a very different
spectrum for the baryonic clusters formed from the baryon number violation to that seen
for clusters in Standard Model events.
Fig. 2.19 shows the spectra for both normal and 6B clusters. The spectrum for the
baryon number violating clusters peaks at a much higher mass than the baryon number
conserving clusters and has a large tail at high masses. This therefore means that before
these clusters are decayed to hadrons most of them must be split into lighter clusters.
The baryon number conserving clusters in these events have the same spectrum as in
Standard Model events. Fig. 2.19 contains the mass spectrum of pairs of colour-connected
partons after the parton-shower phase and the non-perturbative splitting of the gluons
into quark–antiquark pairs. The baryon number conserving clusters, Fig. 2.19a, contains
all the clusters in e+e− events at the given centre-of-mass energies, whereas the baryon
number violating clusters, Fig. 2.19b, only contains those clusters which contain the three
quarks left after all the other quarks are paired into colour singlets from neutralino decays
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Figure 2.20: Masses of the joining and remnant clusters. The joining clusters are from e+e−
events at the given centre-of-mass energy,
√
s. The remnant clusters were generated in e−p
events with 30 GeV electrons and 820 GeV protons with the given scale as the minimum value
of the momentum transfer, Q.
at the given mass.
Fig. 2.20a shows the joining clusters, i.e. the clusters in e+e− events with a quark from
the parton shower of the quark and an antiquark from the parton shower of the antiquark.
The remnant clusters, Fig. 2.20b, come from the cluster in deep-inelastic scattering events
which contains the diquark, formed from two of the valence quarks.
We would expect the baryon number violating clusters to be heavier than the standard
baryon number conserving clusters because:
1. The baryonic cluster is formed from three quarks originating from three different
jets, as shown in Fig. 2.19 from the neutralino decay. In normal, i.e. baryon number
conserving, e+e− → hadrons events the clusters joining partons from different jets,
i.e. containing a parton from each jet, are heavier than the clusters which come
entirely from partons from one jet, Fig. 2.20a.
2. The 6B cluster contains a diquark and in general the clusters containing diquarks, in
for example the hadron remnant in deep-inelastic scattering, are heavier than the
quark–antiquark clusters, Fig. 2.20b.
As these clusters are heavier they will be more sensitive to the fine details of the hadroniza-
tion model. In particular, these clusters are sensitive to the maximum cluster mass before
the clusters are split into lighter clusters and the details of this splitting mechanism. This
is also true for the clusters which join jets in e+e− → 3 jet events and it is these clusters
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which contribute to the “string effect”, which is well described by HERWIG. The mass
distribution of the remnant in deep-inelastic scattering events at HERA is also reasonably
well described by the cluster model.
2.8 Results
We have implemented R-parity violating decays and hard processes into the HERWIG
Monte Carlo event generator according to the algorithms given in Sections 2.6 and 2.7.
They are available in the current version HERWIG6.1 [2]. Having taken care to implement
colour coherence effects, it is of immediate interest to see whether they have a significant
influence on observable final-state distributions. To this end we have studied some jet
production processes and compared the final-state distributions with those from standard
QCD di-jet events. It was observed in [88] that certain variables can be constructed
which are particularly sensitive to colour coherence effects. In particular these variables
are sensitive to the presence of colour connections that link the initial and final states. To
investigate these effects for the different colour-connection structures of the 6Rp models, we
will study these variables for jet production via resonant sparticle production in hadron–
hadron collisions. We essentially follow the details of the analysis of [88].
As examples, we study the processes:
• u¯d→ u¯d via a resonant stau, and d¯d→ d¯d via a resonant tau sneutrino. These
occur via the coupling λ′311. The Feynman diagrams for these processes are shown
in Fig. 2.21. This process involves lepton number violating couplings but no baryon
number violating vertices.
• Resonant squark production via the coupling λ′′212. This leads to resonant down,
strange and charm squark production. The resonant diagram for this process is
shown in Fig. 2.14.
These processes were chosen to try to maximize the cross section at the Tevatron given
the current low energy limits on the couplings. The coupling λ′311 has an upper bound,
at the 2σ level, given by [5]
λ′311 < 0.11
(
Md˜R
100 GeV
)
. (2.114)
While the bounds on other LQD couplings are weaker, they involve higher generation
quarks and hence the cross sections will be suppressed by the parton luminosities. As
we will see in Chapter 3, for the values of the couplings which are still allowed by the
current experimental limits [5], these processes may not be visible above the large QCD
background.
Similarly for resonant squark production, the couplings which couple to two first gen-
eration quarks would in principle give the highest cross sections. However, the limits on
these couplings are so strict that we used the λ′′212 coupling which is only limited by
perturbativity [5]. At the Tevatron these processes have a very low cross section due to
the requirement for two quarks to be carrying a high fraction of the incoming proton or
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Figure 2.21: Feynman diagrams for u¯d→ u¯d via resonant charged slepton production and
d¯d→ d¯d via resonant sneutrino production and t-channel sneutrino exchange.
anti-proton’s momentum in the initial state. This means that resonant squark production
followed by a 6B decay will never by visible above the QCD background. Here we will
simply look at the difference in the observables used in [88] for the two different processes
and the QCD background.
We would expect very different results for the variables which are sensitive to the
initial–final state colour connections for these two processes. In particular the first process
only has this type of connection for the t-channel sneutrino diagram, which gives a small
contribution close to the resonance, whereas the second process does have initial–final
state colour connections, due to the random colour structure at the 6B vertex, for the
resonant production mechanism.
We looked at both processes and QCD di-jet production using events generated with
the program described in [2]. The cone algorithm, with a cone-size in (η, φ) of 0.7 radians,
was used to define the jets for this study. The actual algorithm used is very similar to
that used by CDF apart from taking the midpoint between two particles as a seed for
the algorithm in addition to the particles themselves. The inclusion of the midpoints as
seeds improves the infra-red safety of the cone algorithm. The only cut was to require
the presence of at least one jet with transverse energy, ET , greater than 200 GeV in the
event. A parton-level cut requiring the transverse momentum, pT , of the two final-state
partons to be greater than 150 GeV was used to reduce the number of events we needed
to simulate, however this should not affect the results. The signal points were generated
using the following SUGRA parameters:
Resonant Slepton M0 = 600 GeV, M1/2 = 200 GeV, A0 = 0 GeV, tan β = 10,
sgnµ = + and λ′311 = 0.8;
Resonant Squark M0 = 430 GeV, M1/2 = 200 GeV, A0 = 0 GeV, tan β = 10,
sgnµ = + and λ′′212 = 1.0.
These points were chosen so that the resonant sleptons and squarks have approx-
imately the same mass. At the first point the slepton masses are Mτ˜1 = 599 GeV,
Mτ˜2 = 617 GeV and Mν˜τ = 610 GeV, while at the second point the squark masses
are Md˜R,s˜R,c˜R = 602 GeV.
We can now study the events about the resonance by imposing a cut
580 GeV ≤Mjj ≤ 640 GeV and plotting the variables that are sensitive to angular or-
dering for these events. These variables depend on the distribution of a third jet in
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the events which is generated in the simulation by the parton-shower algorithm. Three
variables, η3, R and α were considered. They are defined in the following way [88]:
• If we define the jets in the event in order of their ET , with jet 1 being the hardest
jet in the event, then η3 is the pseudo-rapidity of the third jet.
• Defining ∆η = η3 − η2 and the difference in polar angles ∆φ = φ3 − φ2, then the
variable R is the distance between the second and third jets in (η, φ) space, i.e.
R =
√
∆η2 +∆φ2.
• If we define ∆H = sgn(η2)∆η, we can consider the polar angle in (|∆φ|,∆H) space,
α = tan−1(∆H/|∆φ|).
In the analysis of [88] additional cuts had to be imposed, which we also use here:
1. a pseudo-rapidity cut on the highest two pT jets in the event, |η1|, |η2| < 0.7;
2. requiring the two leading jets to be back-to-back ||φ1 − φ2| − 1800| < 200;
3. third jet transverse energy ET3 > 10 GeV to avoid background from the underlying
event;
4. a final cut used only for the study of α is that 1.1 < R < π to avoid problems with
the jet clustering algorithm.
We can now study these variables for resonant slepton and squark production, and for
QCD di-jet events. The results in all the graphs correspond to the number of events at
the Run II Tevatron centre-of-mass energy of 2 TeV and integrated luminosity of 2 fb−1.
There are a number of differences in the observables η3, R and α for resonant slepton
production and QCD jet production. In particular, in the η3 distributions instead of a
dip in the distribution at η3 = 0 for the QCD jet production, Fig. 2.22c, there is a bump
for the resonant slepton production, Fig. 2.22a. This dip in the QCD jet production was
observed in [88], and is a feature of the initial–final state colour connections which are
present in QCD jet production, but not in resonant slepton production.
The distribution of the distance in (∆η,∆φ) space, R, is very similar for both resonant
slepton production, Fig 2.23a, and QCD jet production, Fig 2.23c . In the study of [88] all
the event generators, even those which do not include angular ordering, gave good agree-
ment with the data for this observable. The distribution of the polar angle α also shows
a difference between resonant slepton production, Fig. 2.24a, and QCD jet production,
Fig. 2.24c, with the resonant slepton production not showing the dip in the middle which
is again an effect of the initial–final state colour connections which are present in QCD
jet production but not in resonant slepton production.
There is less difference for the variables η3, R and α between resonant squark pro-
duction and QCD jet production shown in Figs. 2.22, 2.23 and 2.24. The distributions
for the two resonant production processes are different. The distribution for resonant
squark production shows the dip at η3 = 0 and the rise as α → π2 which is due to the
colour connections in these processes between the initial and final states. The effect of
the colour flow between the initial and final states is less for this process than for QCD
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(a) Resonant slepton (b) Resonant squark (c) QCD di-jet
Figure 2.22: Distribution of η3 for resonant slepton, resonant squark and QCD jet production.
(a) Resonant slepton (b) Resonant squark (c) QCD di-jet
Figure 2.23: Distribution of R for resonant slepton, resonant squark and QCD jet production.
(a) Resonant slepton (b) Resonant squark (c) QCD di-jet
Figure 2.24: Distribution of α for resonant slepton, resonant squark and QCD jet production.
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jet production as there are combinatorially fewer such connections for resonant squark
production.
The fact that the final-state distributions of the resonant slepton and resonant squark
production processes are so different, despite the identities and kinematics of the jets
themselves being so similar, clearly shows that colour coherence plays an important roˆle
in determining the properties of R-parity violating processes. Even if this is not used as a
tool to enhance the signal, it is likely that it will effect the efficiency of any cuts that are
applied, so it is essential that any experiments looking for R-parity violating processes
take into account colour coherence in their simulations of the signal.
Even if R-parity violating hard processes were added to ISAJET [75], this event genera-
tor would not be expected to describe the final state well, as it is based on the incoherent
parton shower and independent fragmentation models. Thus, in our case for example,
resonant slepton and resonant squark processes would have very similar properties. It is
worth noting that ISAJET gives a poor description of the CDF data [88] on η3 and α in
standard QCD di-jet events.
2.9 Summary
We have presented a procedure for implementing colour coherence effects via the angular-
ordering procedure in 6Rp SUSY models. We find that the 6B processes have a random
colour connection structure for angular ordering. In these processes we see, for the first
time, differences in the colour partners for the colour coherence effects and those used,
with the idea of colour preconfinement, for hadronization in the cluster model.
A full set of decays and hadron–hadron cross sections have now been implemented
in the HERWIG Monte Carlo event generator [2, 102], using the matrix elements given
in Appendices B and C. The first preliminary results for these processes show that the
inclusion of colour coherence is important. In the next chapter we will look at the possi-
bility of using these colour coherence properties to improve the extraction of a resonant
slepton signature at the Tevatron.
These simulations have allowed the first experimental studies of the possibility of
discovering 6Rp supersymmetry via the baryon number violating decay of the neutralino
at the LHC [103].
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Chapter 3
Resonant Slepton Production in
Hadron–Hadron Collisions
3.1 Introduction
In the previous chapter we discussed how to include R-parity violating processes into a
Monte Carlo simulation. We then briefly looked at the differences in the final states for
resonant squark and slepton production, which were solely due to the different colour
structures of the two different processes. In this chapter we will look at resonant slepton
production in hadron colliders and ways in which it can be detected using the simulations
described in the previous chapter. In hadron colliders, as we saw in the previous chapter,
sleptons can be produced on resonance via the 6Rp LiQjDk term in the superpotential,
Eqn. 1.63.
Resonant slepton production in hadron–hadron collisions has previously been consid-
ered in [5, 6, 65–68]. The signature of this process depends on the decay mode of the
resonant slepton. The various possible decay channels are given in Table 3.1. The cross
Charged Sleptons Sneutrinos
Supersymmetric ℓ˜iα → ℓ−i χ˜0 ν˜i → νiχ˜0
Gauge Decays ℓ˜iα → νiχ˜− ν˜i → ℓ−i χ˜+
6Rp Decays ℓ˜iα → u¯jdk ν˜i → d¯jdk
ℓ˜iα → ν¯jℓ−k ν˜i → ℓ+j ℓ−k
Weak Decays ℓ˜iα → ν˜iW− ν˜i → ℓ˜iαW+
ℓ˜i2 → ℓ˜i1Z0
Higgs Decays ℓ˜iα → ν˜iH− ν˜i → ℓ˜iαH+
ℓ˜i2 → ℓ˜i1h0,H0,A0
Table 3.1: Decay modes of charged sleptons and sneutrinos. The index i, j, k = 1, 2, 3 gives the
generation of the fermion or sfermion and the index α = 1, 2 the mass eigenstate of the sfermion
as described in Appendix A.
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sections for resonant slepton production followed by these decay modes are given in Ap-
pendix C. Most of the previous studies have only considered the 6Rp decays of the resonant
slepton to either leptons via the first term in Eqn. 1.63 [5, 65–67], or to quarks via the
second term in Eqn. 1.63 [5, 65, 67].
We shall first consider the 6Rp decay modes and look at the use of the angular-ordering
properties of these processes to improve the extraction of a signal over the QCD back-
ground in Section 3.2.
There has been little study of the supersymmetric gauge decays of the resonant slep-
tons. The cross sections for these processes were first presented in [65]1 where there was
a discussion of the possible experimental signatures, however the signal we will consider
was not discussed and there was no calculation of the Standard Model background. The
supersymmetric gauge decays of the sneutrinos have been studied [6, 68]. These studies
were performed using a detector-level Monte Carlo simulation for both the signal and
background processes. These analyses looked at the trilepton signature for resonant sneu-
trino production, which comes from the decay chain ν˜ → ℓ−χ˜+, followed by a decay of
the chargino, χ˜+ → ℓ+νℓχ˜01, and the decay of the neutralino to a lepton and a quark–
antiquark pair. A study of the supersymmetric gauge decays of the sleptons is presented
in Section 3.3, where we look at the like-sign dilepton signature for these processes.
There has been no study of either the weak or Higgs decay modes for which, in general,
the resonance is not kinematically accessible, although for completeness these have been
included in the HERWIG event generator [2] and the cross sections are presented in
Appendix C.
3.2 6Rp Decays of the Resonant Slepton
There are two types of 6Rp decay modes of the resonant sleptons:
1. The first requires that in addition to the 6Rp Yukawa coupling which allows the
resonant slepton production there is a second non-zero coupling, λijk, allowing the
decays ℓ˜iα → ν¯jℓ−k and ν˜i → ℓ+j ℓ−k . This has been extensively studied [5, 65–67].
As there is only initial-state QCD radiation, from the quarks involved in the hard
collision, in these processes the parton-level results of [5,65–67] should not be signifi-
cantly affected by the addition of a full simulation. We therefore have not considered
these processes.
2. It is also possible that the resonant slepton decays back to the initial state via the
same coupling required for the resonant slepton production. We studied the colour
coherence properties of these processes in the previous chapter and we will discuss
them in more detail here.
We considered resonant slepton production followed by an 6Rp decay using the same
cuts which were applied in Section 2.8. We also used the same SUGRA point
1The cross sections for the resonant processes were only presented in the narrow-width approximation
and the interference between the resonant and t-channel diagrams was neglected. Neutralino and chargino
mixing was also neglected, and there were errors in the calculations of the non-resonant diagrams.
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Figure 3.1: Di-jet invariant-mass distribution for λ′311 = 0.7 and λ′311 = 0.8.
M0 = 600 GeV, M1/2 = 200 GeV, A0 = 0 GeV, tanβ = 10 and sgnµ = +. The re-
sults in all the graphs correspond to the number of events at Run II of the Tevatron, with
centre-of-mass energy of 2 TeV and integrated luminosity of 2 fb−1. Again we used a cone
algorithm with radius parameter of 0.7 radians to define the jets.
At this SUGRA point the right sdown mass is 728 GeV which corresponds to a limit on
the coupling of λ′311 < 0.80, from Eqn. 2.114. As can been seen in Fig. 3.1, the results for
two different values of the coupling show that there is a bump in the di-jet invariant-mass
distribution, Mjj, from the resonant slepton production for large values of the coupling.
We can now consider the events around the bump, 580 GeV ≤Mjj ≤ 640 GeV, in the
distribution and plot the variables that are sensitive to angular ordering for these events.
These variables depend on the distribution of a third jet in the events which is generated
in the simulation by the parton-shower algorithm. The definitions of the variables and
the cuts used are the same as in Section 2.8.
We can now study the distributions for the signal, background, and signal plus back-
ground for resonant slepton production with coupling λ′311 = 0.8. As we saw in the
previous chapter, there are significant differences between the signal and the background
for this process which we will briefly recall here. In the η3 distributions, Fig. 3.2, instead
of a dip in at η3 = 0 there is a bump in the signal. This dip in the QCD background
was observed in [88], and is a feature of the initial-final state colour connection. In our
study it is present in the background, but not the signal. The distribution of events in α,
Fig. 3.4, also shows a difference between the signal and the background, with the signal
not showing the dip in the middle. This is again an effect of the initial-final state colour
connection which is present in the background but not in the signal.
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(a) Signal (b) QCD Background (c) Signal+Background
Figure 3.2: Distribution of events in η3 for resonant slepton production and the QCD back-
ground.
(a) Signal (b) QCD Background (c) Signal+Background
Figure 3.3: Distribution of events in R for resonant slepton production and the QCD back-
ground.
(a) Signal (b) QCD Background (c) Signal+Background
Figure 3.4: Distribution of events in α for resonant slepton production and the QCD back-
ground.
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Figure 3.5: Effect of the cuts on the angular-ordering variables as a function of λ′311.
As can be seen in all the distributions, apart from the disappearance of the dip at
η3 = 0, once the signal and background are added the effect of the signal is minimal. While
there are differences between the signal and background it is hard to see how cuts can be
applied on these variables to improve the extraction of a signal over the QCD background.
The only major difference which can be cut on is the difference in the distribution of α.
We consider two approaches to increase the ratio of signal to background, S/B:
1. Accept all the events with at least three jets, provided they pass the cuts described
in Section 2.8 from the analysis of [88].
2. Reject all the two-jet events and only accept the events with more than two jets
provided that |α| ≤ αcut. We apply a cut of αcut = 0.4 for these jet events.
These cuts were chosen to maximize S/B while not reducing S/
√
B below five. As can
been seen in Fig. 3.5 both of these cuts significantly increase the S/B. The effects of the
second cut on the invariant-mass distribution is shown in Fig. 3.6. In the invariant-mass
distribution the signal is now more visible over the background.
This shows that by using the colour coherence effects we can improve the extraction of
a signal. Obtaining a large S/B is important for this process because we do not have an
accurate prediction for the QCD background. However given the limits on the coupling,
λ′311, the signal will only be visible above the background at the highest values of the
coupling currently allowed by low-energy experiments. In [5, 67] it was suggested that
by using the sidebands to normalize the background, resonant slepton production could
be probed to much smaller values of the 6Rp coupling. Indeed the S/
√
B numbers in
Fig. 3.5 suggest that without any of our additional cuts the signal is visible at a much
lower coupling. The results in [5, 67] were obtained using the narrow-width limit for the
production cross section and did not included the effects of QCD radiation. Our results
suggest that after including these effects the signal will only be visible for large values of
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Figure 3.6: Invariant-mass distribution for λ′311 = 0.7 and λ′311 = 0.8 after cuts on the angular-
ordering variables.
the coupling. It may be possible to use the sidebands which we have removed with our
cuts to normalize this background, as in [5, 67], to improve the extraction of the signal.
However this may not be possible due to the increased width of the resonance, Fig. 3.1,
due to QCD radiation. The situation will hopefully improve with the availability of a
next-to-leading order calculation for the QCD background. At present, if we require a
S/B ratio of 25% in addition to S/
√
B > 5, then looking at the di-jet invariant masses
will only allow a coupling of λ′311 > 0.75 to be probed. However, by using the cuts we
described, based on the colour structure, couplings as low as λ′311 > 0.55 can be probed.
3.3 Gauge Decays of the Resonant Slepton
As we saw in the previous section, due to the large QCD background, the 6Rp decay modes
of the resonant sleptons can only be observed above the QCD background for large values
of the 6Rp Yukawa couplings. If we are to observe resonant slepton production we must
therefore examine other possible decay modes of the resonant sleptons which have a lower
background from Standard Model processes. One possibility is the decay of the slepton
via the 6Rp operator LiLjEk. Another which we shall consider here is a supersymmetric
gauge decay of the resonant slepton.
We will consider a specific signature, i.e. like-sign dilepton production, for these pro-
cesses rather than any one given resonant production mechanism. We would expect
like-sign dilepton production to have a low background from Standard Model processes.
In Section 3.3.1 we will consider the signal processes in more detail, followed by a
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Figure 3.7: Production of χ˜0ℓ+.
discussion of the various processes which contribute to the background in Section 3.3.2.
We will also discuss the different cuts which can be used to reduce the background. In
Section 3.3.3 we will then consider the discovery potential at both Run II of the Tevatron
and the LHC. We also consider the possibility of reconstructing the neutralino and slepton
masses using their decay products.
3.3.1 Signal
There are a number of different possible production mechanisms for a like-sign dilepton
pair via resonant slepton production. The dominant production mechanism is the pro-
duction of a charged slepton followed by a supersymmetric gauge decay of the charged
slepton to a neutralino and a charged lepton. The neutralino can then decay via the
crossed process to give a second charged lepton which, due to the Majorana nature of the
neutralino, can have the same charge as the lepton produced in the slepton decay. The
production of a charged lepton and a neutralino via the LQD term in the 6Rp superpo-
tential, Eqn. 1.63, occurs at tree-level via the Feynman diagrams given in Fig. 3.7. The
decay of the neutralino occurs at tree-level via the diagrams given in Fig. 3.8.
Like-sign dileptons can also be produced in resonant charged slepton production with
a supersymmetric gauge decay of the slepton to a chargino and neutrino, ℓ˜+ → χ˜+1 νℓ.
The chargino can then decay χ˜+1 → ℓ+νℓχ˜01. Again given the Majorana nature of the
neutralino it can decay to give a like-sign dilepton pair.
The production of like-sign dileptons is also possible in resonant sneutrino production
followed by a supersymmetric gauge decay to a chargino and a charged lepton, ν˜ → ℓ−χ˜+1 .
This can be followed by χ˜+1 → qq¯′χ˜01, the neutralino can then decay as in Fig. 3.8 to give
a like-sign dilepton pair.
All the resonant 6Rp production mechanisms and the decays of the SUSY particles have
been included in the HERWIG event generator [2]. The implementation of both R-parity
conserving and R-parity violating SUSY is described in [102]. The matrix elements used
for the various 6Rp processes are given in Appendices B and C.
We will only consider one of the 6Rp Yukawa couplings to be non-zero at a time,
either λ′111 or λ′211, which lead to resonant selectron and smuon production, respectively.
The cross section depends quadratically on the 6Rp Yukawa coupling. These couplings
have upper bounds from low energy experiments. The bound on the coupling λ′111 from
neutrino-less double beta decay is very strict [21, 104]. We therefore consider smuon
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Figure 3.8: Feynman diagrams for the decay χ˜0 → ℓ+du¯. The neutralino is a Majorana fermion
and decays to the charge conjugate final state as well. There is a further decay mode χ˜0 → νdd¯.
production via the coupling λ′211, which has a much weaker bound,
λ′211 < 0.059×
(
Md˜R
100 GeV
)
, (3.1)
from the ratio Rπ = Γ(π → eνe)/Γ(π → µνµ) [21, 58]. Our results will however apply for
resonant selectron production if the coupling λ′111 is large enough to give an observable
signal while still satisfying the bound from neutrino-less double beta decay.
As we are considering a dominant λ′211 coupling the leptons produced in the neutralino
decays and the hard processes will be muons. We will therefore require throughout that
both leptons are muons because this reduces the background, where electrons and muons
are produced with equal probability, with respect to the signal. This typically reduces the
Standard Model background by a factor of four while leaving the dominant signal process
almost unaffected. It will lead to some reduction of the signal from channels where some
of the leptons are produced in cascade decays from the decay of a W or Z boson.
The signal has a number of features, in addition to the presence of a like-sign dilepton
pair, which will enable us to extract it above the background:
• Provided that the difference between the slepton and the neutralino/chargino masses
is large enough both the leptons will have a high transverse momentum, pT , and be
well isolated.
• As the neutralino decays inside the detector, for this signature, there will be little
missing transverse energy, 6ET , in the event. Any 6ET will come from semi-leptonic
hadron decays or from cascade decays following the production of a chargino or one
of the heavier neutralinos.
• The presence of a third lepton can only come from semi-leptonic hadron decays, or
in SUSY cascade decays if a chargino or one of the heavier neutralinos is produced.
• The presence of two hard jets from the decay of the neutralino.
The cross section for the signal processes and the acceptance2 will depend upon the
various SUSY parameters. We have performed a scan inM0 andM1/2 with A0 = 0 GeV for
two different values of tan β and both values of sgnµ. The masses of the left-handed smuon
and the lightest neutralino are shown in Fig. 3.9. There are regions in these plots which
we have not considered either due to the lack of radiative electroweak symmetry breaking,
2We define the acceptance to be the fraction of signal events which pass the cuts.
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Figure 3.9: Contours showing the lightest neutralino mass, solid lines, and the µ˜L mass, dashed
lines, in the M0, M1/2 plane with A0 = 0 GeV for different values of tan β and sgnµ. The
hatched regions at small M0 are excluded by the requirement that the χ˜
0
1 be the LSP. The
region at large M0 and tan β is excluded because there is no radiative electroweak symmetry
breaking. The vertically-striped region is excluded by the LEP experiments. This region was
obtained using the limits on the chargino [44] and smuon [45] production cross sections, and the
chargino mass [50]. This analysis was performed using ISAJET 7.48 [75].
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or because the lightest neutralino is not the lightest supersymmetric particle (LSP). In
the MSSM, the LSP must be a neutral colour singlet [31], from cosmological bounds on
electric- or colour-charged stable relics. However if R-parity is violated the LSP can decay
and these bounds no longer apply. We should therefore consider cases where one of the
other SUSY particles is the LSP. We have only considered the case where the neutralino
is the LSP for two reasons:
1. Given the unification of the SUSY-breaking parameters at the GUT scale it is hard to
find points in parameter space where the lightest neutralino is not the LSP without
the lightest neutralino becoming heavier than the sleptons, which tend to be the
lightest sfermions in these models. If the neutralino is heavier than the sleptons the
resonance will not be accessible for the supersymmetric gauge decay modes we are
considering and the slepton will decay via 6Rp modes.
2. The ISAJET code for the running of the couplings and the calculation of the MSSM
decay modes only works when the neutralino is the LSP.
The plots in Fig. 3.9 also include the current experimental limits on the SUSY param-
eters from LEP. This experimentally excluded region comes from two sources: the region
at large M0 is excluded by the limit on the cross section for chargino pair production [44]
and the limit on the chargino mass [50]; the region at small M0 is excluded by the limit
on the production of smuons [45]. There is also a limit on the neutralino production cross
section [44]. However, for most of the SUGRA parameter space this is weaker than the
limit on chargino pair production. The gap in the excluded region between M0 of about
50 GeV and 100 GeV is due to the presence of a destructive interference between the
t-channel sneutrino exchange and the s-channel photon and Z exchanges in the chargino
production cross section in e+e− collisions.
The limit on the coupling λ′211 is shown in Fig. 3.10. As can be seen from Figs. 3.9
and 3.10 the limit on the coupling is fairly weak for large regions of parameter space, even
when the smuon is relatively light. This is due to the squark masses, upon which the limit
depends, being larger than the slepton masses in the SUGRA models.
The signature we are considering requires the neutralino to decay inside the detector.
In practice, if the neutralino decays more than a few centimeters from the primary in-
teraction point a different analysis including displaced vertices would be necessary. The
neutralino decay length is shown in Fig. 3.11 and is small for all the currently allowed val-
ues of the SUGRA parameters. There will, however, be a lower limit on the 6Rp couplings
which can be probed using this process as the decay length ∼ 1/λ′2211 [105].
3.3.2 Backgrounds
3.3.2.1 Standard Model Backgrounds
The dominant Standard Model backgrounds to like-sign dilepton production come from:
• Gauge boson pair production, i.e. production of WZ or ZZ followed by leptonic
decays with some of the leptons not being detected.
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Figure 3.10: Contours showing the limit on the 6Rp Yukawa coupling λ′211 in the M0, M1/2
plane for A0 = 0 GeV and different values of tan β and sgnµ. The striped and hatched regions
are described in the caption of Fig. 3.9.
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Figure 3.11: Contours showing the decay length of a neutralino produced in the decay of an
on-mass-shell slepton in the M0, M1/2 plane for A0 = 0 GeV, λ
′
211 = 10
−2 and different values
of tan β and sgnµ. The striped and hatched regions are described in the caption of Fig. 3.9.
89 3.3 Gauge Decays of the Resonant Slepton
• tt¯ production. Either the t or t¯ decays semi-leptonically, giving one lepton. The
second top decays hadronically. A second lepton with the same charge can be
produced in a semi-leptonic decay of the bottom hadron formed in the decay of the
second top, i.e.
t → W+b→ µ+ν¯µb,
t¯ → W−b¯→ qq¯b¯, b¯→ µ+ν¯µc¯. (3.2)
• bb¯ production. If either of these quarks hadronizes to form a B0d,s meson this can
mix to give a B¯0d,s. This means that both the bottom hadrons in the event will
contain a b quark, if a B0d,s undergoes mixing, or both bottom hadrons will contain
a b¯, if a B¯0d,s mixes. Thus if both the bottom hadrons decay semi-leptonically the
leptons will have the same charge as they are both coming from either b or b¯ decays.
• Single top production. A single top quark can be produced together with a b¯ quark
by either an s- or t-channel W exchange. This can give one charged lepton from the
top decay, and a second lepton with the same charge from the decay of the meson
formed after the b quark hadronizes.
• Non-physics backgrounds. There are two major sources: (i) from misidentifying the
charge of a lepton, e.g. in Drell-Yan production, and (ii) from incorrectly identi-
fying an isolated hadron as a lepton. This means that there is a major source of
background from W production with an additional jet faking a lepton.
These processes have been extensively studied [106–113] as they are also the major
backgrounds to the production of like-sign dileptons in the MSSM. The first studies of like-
sign dilepton production at the LHC [107] only considered the background from heavy
quark production, i.e. tt¯ and bb¯ production. More recent studies for both the LHC
[108,109] and Run II of the Tevatron [110–113] have also considered the background from
gauge boson pair production. In addition, the Tevatron studies [110–113] have included
the non-physics backgrounds. We have considered all the physics backgrounds, from
both heavy quark production and gauge boson pair production, but have neglected the
non-physics backgrounds which would require a full simulation of the detector.
In these studies a number of different cuts have been used to suppress the backgrounds.
These cuts can be split into two groups. The first of these sets of cuts is designed to reduce
the background from heavy quark production:
• A cut on the pT of the leptons requiring
pleptonT > p
CUT
T . (3.3)
The values of pCUTT for Tevatron studies have been between 5 and 20 GeV. Higher
values, between 20 and 50 GeV, have usually been used in LHC simulations.
• A cut requiring that the leptons are isolated, i.e. imposing a cut on the transverse
energy, EICT , of the particles other than the lepton in a cone about the direction of
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the lepton such that
EICT < E0. (3.4)
E0 has been taken to be less than 5 GeV for Tevatron simulations and between 5
and 10 GeV for LHC studies. The radius of the cone is usually taken to be
∆R =
√
∆φ2 +∆η2 < 0.4, (3.5)
where ∆φ is the azimuthal angle and ∆η the pseudo-rapidity of the particles with
respect to the lepton.
It was shown in [107] that these cuts can reduce the background from heavy quark pro-
duction by several orders of magnitude. Any high-pT lepton from a bottom hadron decay
must come from a high-pT hadron. This is due to the small mass of the bottom hadron
relative to the lepton pT which means the lepton will be travelling in the same direction
as the other decay products [114]. Hence the isolation and pT cuts remove the majority
of these events.
The analyses of [109–113] then imposed further cuts to reduce the backgrounds from
gauge boson pair production, which is the major contribution to the SM background after
the imposition of the isolation and pT cuts:
• A cut on the invariant mass, mℓ+ℓ−, of any pair of opposite sign same flavour (OSSF)
leptons to remove those leptons coming from Z decays, i.e.
|MZ −mℓ+ℓ−| < mCUTℓ+ℓ−, (3.6)
was used in [110, 112, 113].
• Instead of a cut on the mass of OSSF lepton pairs, some analyses considered a veto
on the presence of an OSSF lepton pair in the event.
• In [111,113] a cut on the transverse mass was imposed to reject leptons which come
from the decays of W bosons. The transverse mass, MT , of a lepton–neutrino pair
is given by
M2T = 2|pTℓ||pTν |(1− cos∆φℓν), (3.7)
where pTℓ is the transverse momentum of the charged lepton, pTν is the transverse
momentum of the neutrino (assumed to be the total missing transverse momentum
in the event) and ∆φℓν is the azimuthal angle between the lepton and the neutrino
(the direction of the neutrino is taken to be the direction of the missing momentum
in the event).
This cut is applied to both of the like-sign leptons in the event to reject events in
which either of them came from the decay of a W boson. A cut removing events with
60 GeV < MT < 85 GeV was used in [113] to reduce the background from WW and
WZ production.
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• For the MSSM signatures considered in [110–113] there is missing transverse energy,
6ET , due to the LSP escaping from the detector. This allowed them to impose a cut
on the 6ET , 6ET > ECUTT , to reduce the background.
There are, however, differences between the MSSM signatures which were considered
in [110–113] and the 6Rp processes we are considering here. In particular as the LSP
decays, there will be little missing transverse energy in the 6Rp events. This means that
instead of a cut requiring the 6ET to be above some value we will consider a cut requiring
the 6ET to be less than some value, i.e.
6ET < ECUTT . (3.8)
This cut will remove events from some of the possible resonant production mechanisms,
i.e. those channels where a neutrino is produced in either the slepton decay or the cascade
decay of a chargino, or one of the heavier neutralinos, to the lightest neutralino. However
it will not affect the decay of a charged slepton to the lightest neutralino which is the
dominant production mechanism over most of the SUSY parameter space.
Similarly, the signal we are considering in general will not contain more than two
leptons. Further leptons can only come from cascade decays following the production of
either a chargino or one of the heavier neutralinos, or from semi-leptonic hadron decays.
This means that instead of the cut on the invariant mass of OSSF lepton pairs we will
only consider the effect of a veto on the presence of OSSF pairs. This veto was consid-
ered in [110, 111] but for the MSSM signal considered there it removed more signal than
background.
3.3.2.2 SUSY Backgrounds
So far we have neglected what may be the major source of background to this process,
i.e. supersymmetric particle pair production. If we only consider small 6Rp couplings the
dominant effect in sparticle pair production is that the LSP produced at the end of the
cascade decays of the other SUSY particles will decay. For large 6Rp couplings the cascade
decay chains can also be affected by the heavier SUSY particles decaying via 6Rp modes.
We will not consider this effect here.3 The LSP will decay giving a quark–antiquark pair
and either a charged lepton or a neutrino. There will usually be two LSPs in each event,
one from the decay chain of each of the sparticles produced in the hard collision. This
means that they can both decay to give leptons with the same charge. Leptons can also
be produced in the cascade decays. These processes will therefore be a major background
to like-sign dilepton production via resonant slepton production.
The cuts which were intended to reduce the Standard Model background will also
significantly reduce the background from sparticle pair production. However we will need
to impose additional cuts to suppress this background. In the signal events there will be
at least two high-pT jets from the neutralino decay and there may be more jets from either
initial-state QCD radiation or radiation from quarks produced in the neutralino decay.
In the dominant production mechanism, i.e. µ˜→ µ−χ˜01, this will be the only source of
3These additional decays are included in HERWIG 6.1 and the matrix elements are given in Ap-
pendix B.
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jets, however additional jets can be produced in the cascade SUSY decays if a chargino
or one of the heavier neutralinos is produced. In the SUSY background there will be at
least four high-pT jets from the neutralino decays, plus other jets formed in the decays of
the coloured sparticles which are predominantly formed in hadron–hadron collisions. This
suggests two possible strategies for reducing the sparticle pair production background:
1. A cut such that there are at most 2 or 3 jets (allowing for some QCD radiation)
above a given pT . This will reduce the SUSY background which typically has more
than four high-pT jets.
2. A cut such that there are exactly two jets, or only two or three jets above a given pT .
This will reduce the gauge boson pair production background where typically the
only jets come from initial-state radiation, as well as the background from sparticle
pair production.
In practice we would use a much higher momentum cut in the first case, as we only
need to ensure that the cut is sufficiently high that most of the sparticle pair production
events give more than 2 or 3 jets above the cut. However with the second cut we need
to ensure that the jets in the signal have sufficiently high-pT to pass the cut as well. In
practice we found that the first cut significantly reduced the sparticle pair production
background while having little effect on the signal, while the second cut dramatically
reduced the signal as well. In the next section we will consider the effects of these cuts
on both the signal and background at Run II of the Tevatron and the LHC.
3.3.3 Simulations
HERWIG 6.1 [2] was used to simulate the signal and the backgrounds from sparticle pair,
tt¯, bb¯ and single top production. HERWIG does not include gauge boson pair production
in hadron–hadron collisions and we therefore used PYTHIA 6.1 [96] to simulate this
background. The simulation of the signal includes all the R-parity conserving decay
modes given in Table 3.1. We used the cone algorithm described in the previous chapter
for all the jet reconstructions, although for this study we took the radius of the cone to
be 0.4 radians rather than the value of 0.7 radians used in both the previous section and
the last chapter.
Due to the large cross sections for some of the Standard Model backgrounds before any
cuts, we imposed parton-level cuts and forced certain decay modes, i.e. we required that
certain particles decay via a particular channel, in order to simulate a sufficient number of
events with the resources available. We designed these cuts in such a way that hopefully
they are weaker than any final cut we apply, so that we do not lose any of the events that
would pass the final cuts. We imposed the following cuts for the various backgrounds:
• bb¯ production. We forced the B hadrons produced by the hadronization to decay
semi-leptonically. This neglects the production of leptons in charm decays which
has a higher cross section but which we would expect to have a lower pT and be
less well isolated than those leptons produced in bottom decays. If there was only
one B0d,s meson in the event this was forced to mix. When there was more than one
B0d,s meson then one of them was forced to mix and the others were forced not to
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mix. Similarly we imposed a parton-level cut on the transverse momentum of the
initial b and b¯, pb,b¯T ≥ ppartonT . This parton level cut should not affect the background
provided that we impose a cut on the transverse momentum of the leptons produced
in the decay, pleptonT ≥ ppartonT .
• tt¯ production. While not as large as the bb¯ production cross section the cross section
for tt¯ is large, particularly at the LHC. We improved the efficiency by forcing one of
the top quarks in each event to decay semi-leptonically, again this neglects events
in which there are leptons from charm decay. However we did not impose a cut on
the pT of the top quarks as, due to the large top quark mass, even relatively low pT
top quarks can give high-pT leptons.
• Single top production. While the cross section for this process is relatively small
compared to the heavy quark pair production cross sections, we forced the tops to
decay semi-leptonically to reduce the number of events we needed to simulate.
• Gauge boson pair production. The cross sections for these processes are relatively
small and it was not necessary to impose any parton level cuts, or force particular
decay modes.
Where possible, the results of the Monte Carlo simulations have been normalized
by using next-to-leading-order cross sections for the various background processes. We
used the next-to-leading-order calculation of [115] for gauge boson pair production. The
tt¯ simulations were normalized using the next-to-leading-order, with next-to-leading-log
resummation, calculation from [116].
The calculation of a next-to-leading-order cross section for bb¯ production is more
problematic due to the parton-level cuts we imposed on the simulated events. There are a
range of possible options for applying the pT cut we imposed on the bottom quark at next-
to-leading order. At leading order the transverse momenta of the quarks are identical and
therefore the cut requires them both to have transverse momentum pT > p
CUT
T . However
at next-to-leading order, due to gluon radiation, the transverse momenta of the quarks
are no longer equal. Therefore a cut on, for example, the pT of the hardest quark,
pT1 > p
CUT
T , together with a cut on the lower pT quark, pT2 > p
CUT
T − δ, with any positive
value of δ < pCUTT , is the same as the leading-order cut we applied. Given that we need
a high transverse momentum bottom hadron to give a high-pT lepton and only events
with two such high-pT leptons will contribute to the background, a cut requiring both
bottom quarks to have pT > p
CUT
T , i.e. δ = 0, is most appropriate. However at this point
perturbation theory is unreliable [117] and for the cuts we applied the next-to-leading-
order cross section is smaller than the leading-order result. We therefore applied the
cut pT1 > p
CUT
T with no cut on the softer bottom as this avoids the point at which the
perturbative expansion is unreliable, i.e. δ = pCUTT . We used the program of [118] to
calculate the next-to-leading-order cross section with these cuts.
All of the simulations and SUSY cross section calculations used the latest MRS parton
distribution set [119], as did the calculation of the single top production cross section.
The parton distribution sets used in the various next-to-leading-order cross sections are
described in the relevant papers.
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We can now study the signal and background in more detail for both the Tevatron and
the LHC. This is followed by a discussion of the methods used to reconstruct the masses
of both the lightest neutralino and the resonant slepton.
3.3.3.1 Tevatron
The cross section for the production of a neutralino and a charged lepton, which is the
dominant like-sign dilepton production mechanism, is shown in Fig. 3.12 in the M0, M1/2
plane withA0 = 0 GeV and λ
′
211 = 10
−2 for two different values of tanβ and both values of
sgnµ. The total cross section for resonant slepton production followed by supersymmetric
gauge decays is shown in Fig 3.13. As can be seen from these figures, the total cross
section closely follows the slepton mass contours shown in Fig. 3.9, whereas the neutralino–
lepton cross section falls off more quickly at small M1/2 where the charginos and heavier
neutralinos can be produced. This cross section must be multiplied by the acceptance,
i.e. the fraction of signal events which pass the cuts, to give the number of events detected
in the experiment.
We will first discuss the cuts applied to reduce the various Standard Model back-
grounds and then present the discovery potential at the Tevatron if we only consider
these backgrounds. This is followed by a discussion of the additional cuts needed to
reduce the background from sparticle pair production.
Standard Model Backgrounds
We have applied the following cuts to reduce the Standard Model backgrounds:
1. A cut requiring all the leptons to be in the central region of the detector, |η| < 2.0.
2. A cut on the transverse momentum of each of the like-sign leptons, pleptonT ≥ 20 GeV.
This is the lowest cut we could apply given our parton level cut of ppartonT = 20 GeV
for the bb¯ background.
3. An isolation cut on the like-sign leptons so that the transverse energy in a cone
of radius ∆R =
√
∆φ2 +∆η2 = 0.4 about the direction of the lepton is less than
5 GeV.
4. We reject events with 60 GeV < MT < 85 GeV (c.f. Eqn. 3.7). This cut is applied
to both of the like-sign leptons.
5. A veto on the presence of a lepton in the event with the same flavour but opposite
charge as either of the leptons in the like-sign pair if the lepton has pT > 10 GeV
and passes the same isolation cut as the like-sign leptons.
6. A cut on the missing transverse energy, 6ET < 20 GeV. In our analysis we have
assumed that the missing transverse energy is solely the due to the momenta of the
neutrinos produced.
The first two cuts are designed to reduce the background from heavy quark production,
which is the major source of background before any cuts. Fig. 3.14 shows that the cut
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Figure 3.12: Contours showing the cross section for the production of a neutralino and a charged
lepton at Run II of the Tevatron in the M0, M1/2 plane for A0 = 0 GeV and λ
′
211 = 10
−2 with
different values of tan β and sgnµ. The striped and hatched regions are described in the caption
of Fig. 3.9.
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Figure 3.13: Contours showing the cross section for the production of a slepton followed by a
supersymmetric gauge decay at Run II of the Tevatron in the M0, M1/2 plane for A0 = 0 GeV
and λ′211 = 10−2 with different values of tan β and sgnµ. The striped and hatched regions are
described in the caption of Fig. 3.9.
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Figure 3.14: Effect of the isolation cuts on the tt¯ and bb¯ backgrounds at Run II of the Tevatron.
The dashed line gives the background before any cuts and the solid line shows the effect of the
isolation cut described in the text. The dot-dash line gives the effect of all the cuts, including
the cut on the number of jets (for the bb¯ background this is indistinguishable from the solid
line). As a parton-level cut of 20 GeV was used in simulating the bb¯ background the results
below 20 GeV for the lepton pT do not correspond to the full number of background events.
The distributions have been normalized to an integrated luminosity of 2 fb−1.
on the transverse momentum, pT > 20 GeV, reduces the background by several orders of
magnitude and the addition of the isolation cut reduces this background to less than one
event at Run II of the Tevatron.
The remaining cuts reduce the background from gauge boson pair production which
dominates the Standard Model background after the imposition of the isolation and pT
cuts. Fig. 3.15a shows that the cut on the transverse mass, i.e. removing the region
60 GeV < MT < 85 GeV, for each of the like-sign leptons will reduce the background
fromWZ production, which is the largest of the gauge boson pair production backgrounds.
Similarly the cut on the missing transverse energy, 6ET < 20 GeV, will significantly reduce
the background from WZ production. This is shown in Fig. 3.15b. The effect of these
cuts is shown in Fig. 3.16. Our simulations do not include Wγ production which was
recently found to be a major source of background to like-sign dilepton production in the
MSSM [111]. However, we would expect this to be less important here due to the different
cuts we have applied. In particular, in the analysis of [111] a cut on the invariant mass
of OSSF lepton pairs was imposed to reduce the background from Z production, rather
than the veto on the presence of OSSF leptons which we have used. The veto and missing
transverse energy cut will reduce the number of events from Wγ production while the cut
on the invariant mass will not suppress this background.
The effect of all these cuts on the background is given in Table 3.2. While the dominant
background is from WZ production, the dominant contribution to the error comes from
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Figure 3.15: The transverse mass and missing transverse energy in WZ events at Run II of the
Tevatron. The distributions are normalized to an integrated luminosity of 2 fb−1.
Figure 3.16: Effect of the isolation cuts on the WZ and ZZ backgrounds at Run II of the
Tevatron. The dashed line gives the background before any cuts and the solid line shows the
effect of the isolation cut described in the text. The dot-dash line gives the effect of all the
cuts, including the cut on the number of jets. The distributions are normalized to an integrated
luminosity of 2 fb−1.
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Number of Events
After isolation,
Background After pT cut After isolation pT , MT , 6ET cuts After all cuts
process and pT cuts and OSSF lepton
veto.
WW 0.23± 0.02 0.0± 0.003 0.0± 0.003 0.0± 0.003
WZ 9.96± 0.09 7.93± 0.08 0.21± 0.01 0.21± 0.01
ZZ 2.05± 0.03 1.61± 0.02 0.069± 0.005 0.069± 0.005
tt¯ 34.1± 1.6 0.028± 0.002 0.0032± 0.0006 0.0016± 0.0004
bb¯ (3.4± 1.3)× 103 0.15± 0.16 0.15± 0.16 0.15± 0.16
Single top 1.77± 0.01 0.0014± 0.0003 0.0001± 0.0001 0.0001± 0.0001
Total (3.4± 1.3)× 103 9.72± 0.18 0.43± 0.16 0.43± 0.16
Table 3.2: Backgrounds to like-sign dilepton production at Run II of the Tevatron. The numbers
of events are based on an integrated luminosity of 2 fb−1. We have calculated an error on the
cross section by varying the scale between half and twice the hard scale, apart from the gauge
boson pair production cross section where we do not have this information and the effect of
varying the scale is expected to be small anyway. The error on the number of events is the
error on the cross section and the statistical error from the Monte Carlo simulation added in
quadrature. If no events passed the cut the statistical error was taken to be the same as if one
event had passed the cuts.
bb¯ production. This can only be reduced with a significantly more elaborate simulation.
We also need to calculate the acceptance of these cuts for the signal. To estimate
the acceptance of the cuts we simulated twenty thousand events at each of one hundred
points in the M0, M1/2 plane. The acceptance was then interpolated between the points
and multiplied by the cross section to give the number of signal events passing the cuts.
This can be used to find the discovery potential by comparing the number of signal events
with a 5σ statistical fluctuation of the background.
Fig. 3.17 shows the discovery potential, for different integrated luminosities and a fixed
value of the coupling λ′211 = 10−2, if we only consider the Standard Model backgrounds
and apply the cuts we described to suppress these backgrounds. Fig. 3.18 shows the effect
of varying the 6Rp coupling for 2 fb−1 integrated luminosity with the same assumptions.
We have taken a conservative approach where the background is taken to be one
standard deviation above the central value, i.e. we take the background to be 0.59 events.
Due to the small number of events we must use Poisson statistics. For the Standard
Model background given in Table 3.2, 7 events corresponds to the same probability as a
5σ statistical fluctuation for a Gaussian distribution.
For small couplings there are regions, for low M1/2, which cannot be observed even
for small smuon masses. For larger couplings, however, we can probe masses of up to
430 (500) GeV for a coupling λ′211 = 0.05 with 2 (10) fb
−1 integrated luminosity. Masses
of up to 520 (600) GeV can be observed for a coupling of λ′211 = 0.1 with 2 (10) fb
−1
integrated luminosity.
We have neglected the non-physics background. This mainly comes from fake leptons
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Figure 3.17: Contours showing the discovery potential of the Tevatron in the M0, M1/2 plane
for λ′211 = 10−2 and A0 = 0 GeV. These contours are a 5σ excess of the signal above the
background. Here we have imposed the cuts on the isolation and pT of the leptons, the transverse
mass and the missing transverse energy described in the text, and a veto on the presence of OSSF
leptons. We have only considered the Standard Model background. The striped and hatched
regions are described in the caption of Fig. 3.9.
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Figure 3.18: Contours showing the discovery potential of the Tevatron in the M0, M1/2 plane
for A0 = 0 GeV and 2 fb
−1 integrated luminosity for different values of λ′211. These contours
are a 5σ excess of the signal above the background. Here we have imposed the cuts on the
isolation and pT of the leptons, the transverse mass and the missing transverse energy described
in the text, and a veto on the presence of OSSF leptons. We have only considered the Standard
Model background. The striped and hatched regions are described in the caption of Fig. 3.9.
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in W production. The cuts we have applied to reduce the gauge boson pair production
backgrounds, in particular the cuts on the missing transverse energy and the transverse
mass, will significantly reduce this background. It was noted in [110] that the cross
section falls extremely quickly with the pT of the fake lepton, and hence the large pT cut
we have imposed will suppress this background. A proper treatment of the non-physics
background requires a simulation of the detector and this is beyond the scope of this work.
In Figs. 3.17 and 3.18 the background from sparticle pair production is neglected. This
is reasonable in an initial search where presumably an experiment would be looking for an
excess of like-sign dilepton pairs, rather than worrying about precisely which model was
giving the excess. If such an excess were observed, it would then be necessary to establish
which physical processes were producing the excess. In the 6Rp MSSM there are two possi-
ble mechanisms which could produce such an excess: either resonant sparticle production;
or sparticle pair production followed by the decay of the LSP. We will now consider ad-
ditional cuts which will suppress the background to resonant slepton production from
sparticle pair production and hopefully allow these two scenarios to be distinguished.
SUSY Backgrounds
We have seen that by imposing cuts on the transverse momentum and isolation of the
like-sign dileptons, the missing transverse energy, the transverse mass and the presence of
OSSF leptons the Standard Model backgrounds can be significantly reduced. However a
significant background from sparticle pair production still remains. We therefore imposed
the following additional cut to reduce this background:
• Vetoing all events when there are more than two jets each with pT > 20 GeV.
While this cut only slightly reduces the signal it dramatically reduces the background
from sparticle pair production. We performed a scan of the SUGRA parameter space
at the four values of tan β and sgnµ considered in Section 3.3.1. We generated fifty
thousand events at each of one hundred points in the M0, M1/2 plane at each value of
tan β and sgnµ, and then interpolated between these points as for the signal process. This
allowed us to estimate an acceptance for the cuts which we multiplied by the sparticle
pair production cross section to give a number of background events.
The effect of all the cuts on the total background, i.e. the Standard Model background
and the sparticle pair production background is shown in Fig. 3.19 for different integrated
luminosities with λ′211 = 10−2 and in Fig. 3.20 for an integrated luminosity of 2 fb
−1 with
different values of λ′211.
The effect of including the sparticle pair production background is to reduce the 5σ
discovery regions. These regions are reduced for two reasons: for large M1/2 the addi-
tional cut removes more signal events and hence reduces the statistical significance of the
signal; at small values of M1/2 there is a large background from sparticle pair production,
relative to the SM background, which also reduces the statistical significance of the sig-
nal. However even for this relatively small value of the coupling there are large regions of
parameter space in which a signal is visible above the background. The ratio of signal to
background is still larger than one for most of the region where the signal is detectable
above the background. For sgnµ > 0 there is only a very small region at low M1/2 where
103 3.3 Gauge Decays of the Resonant Slepton
Figure 3.19: Contours showing the discovery potential of the Tevatron in the M0, M1/2 plane
for λ′211 = 10−2 and A0 = 0 GeV. These contours are a 5σ excess of the signal above the
background. Here, in addition to the cuts on the isolation and pT of the leptons, the transverse
mass and the missing transverse energy described in the text, and a veto on the presence of
OSSF leptons we have imposed a cut on the presence of more than two jets. This includes the
sparticle pair production background as well as the Standard Model backgrounds. The striped
and hatched regions are as described in the caption of Fig. 3.9.
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Figure 3.20: Contours showing the discovery potential of the Tevatron in the M0, M1/2 plane
for A0 = 0 GeV and an integrated luminosity of 2 fb
−1 for different values of λ′211. These
contours are a 5σ excess of the signal above the background. Here, in addition to the cuts
on the isolation and pT of the leptons, the transverse mass and the missing transverse energy
described in the text, and a veto on the presence of OSSF leptons we have imposed a cut on the
presence of more than two jets. This includes the sparticle pair production background as well
as the Standard Model backgrounds. The striped and hatched regions are as described in the
caption of Fig. 3.9.
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S/B drops below one and even here S/B > 0.5. However for sgnµ < 0 there are regions of
low S/B for small values of M1/2. The discovery range for these 6Rp processes extends to
larger values ofM1/2 than the 5σ discovery curve for sparticle pair production as only one
sparticle is produced which requires a much lower parton–parton centre-of-mass energy
than sparticle pair production.
Again even for small smuon masses with low values of the 6Rp Yukawa coupling there are
regions where a signal of resonant slepton production is not visible above the background.
However for large couplings the signal in these regions is visible above the background. For
a coupling of λ′211 = 0.05 a smuon mass of 310 (330) GeV is visible above the background
with 2 (10) fb−1 integrated luminosity, and for a coupling of λ′211 = 0.1 a smuon mass of
400 (430) GeV is visible above the background with 2 (10) fb−1 integrated luminosity.
3.3.3.2 LHC
The cross section for the production of a charged lepton and a neutralino, which is again
the dominant production mechanism, at the LHC is shown in Fig. 3.21 in the M0, M1/2
plane with A0 = 0 GeV and λ
′
211 = 10
−2 for two different values of tan β and both values
of sgnµ. The total cross section for resonant slepton production followed by a super-
symmetric gauge decay is shown in Fig. 3.22. As for the Tevatron, the total resonant
slepton cross section closely follows the slepton mass contours whereas the cross section
for neutralino–lepton production falls off more quickly at small M1/2 because the branch-
ing ratio for µ˜L → µχ˜01 is reduced due to the production of charginos and the heavier
neutralinos. We adopted the same procedure described in Section 3.3.3.1 to estimate the
acceptance of the cuts we imposed. We will again first consider the cuts required to re-
duce the Standard Model backgrounds and then the additional cut used to suppress the
sparticle pair production background.
Standard Model Backgrounds
We applied the following cuts to reduce the Standard Model backgrounds:
1. A cut requiring all the leptons to be in the central region of the detector |η| < 2.0.
2. A cut on the transverse momentum of the like-sign leptons, pleptonT ≥ 40 GeV. This
is the lowest cut we could apply given our parton-level cut of ppartonT = 40 GeV, for
the bb¯ background.
3. An isolation cut on the like-sign leptons so that the transverse energy in a cone of
radius, ∆R =
√
∆φ2 +∆η2 = 0.4, about the direction of the lepton is less than
5 GeV.
4. We reject events with 60 GeV < MT < 85 GeV (c.f. Eqn. 3.7). This cut is applied
to both of the like-sign leptons.
5. A veto on the presence of a lepton in the event with the same flavour but opposite
charge as either of the leptons in the like-sign pair if the lepton has pT > 10 GeV
and passes the same isolation cut as the like-sign leptons.
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Figure 3.21: Contours showing the cross section for the production of a neutralino and a charged
lepton at the LHC in the M0, M1/2 plane for A0 = 0 GeV and λ
′
211 = 10
−2 with different values
of tan β and sgnµ. The striped and hatched regions are described in the caption of Fig. 3.9.
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Figure 3.22: Contours showing the cross section for resonant slepton production fol-
lowed by a supersymmetric gauge decay at the LHC in the M0, M1/2 plane for
A0 = 0 GeV and λ
′
211 = 10
−2 with different values of tan β and sgnµ. The striped and hatched
regions are described in the caption of Fig. 3.9.
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Figure 3.23: Effect of the isolation cuts on the tt¯ and bb¯ backgrounds at the LHC. The dashed
line gives the background before any cuts and the solid line shows the effect of the isolation cut
described in the text. The dot-dash line gives the effect of all the cuts, including the cut on the
number of jets, for the bb¯ background this is almost indistinguishable from the solid line. As a
parton-level cut of 40 GeV was used in simulating the bb¯ background, the results below 40 GeV
for the lepton pT do not correspond to the full number of background events. The distributions
have been normalized to an integrated luminosity of 10 fb−1.
6. A cut on the missing transverse energy, 6ET < 20 GeV.
The first two cuts are designed to reduce the background from heavy quark, i.e. bb¯ and
tt¯, production which is the major source of background before any cuts. However, as can
be seen in Fig. 3.23, after the imposition of the pT and isolation cuts this background is
significantly reduced. It remains the major source of the error on the background however
due to the large cross section for bb¯ production which makes it impossible to simulate the
full luminosity of the LHC with the resources available.
The remaining cuts reduce the background from gauge boson pair production, par-
ticularly WZ production, which dominates the Standard Model background after the
imposition of the isolation and pT cuts. Fig. 3.24a shows that the cut on the transverse
mass, i.e. removing the region 60 GeV < MT < 85 GeV for each of the like sign leptons,
will reduce the background from WZ production, which is the largest of the gauge boson
pair production backgrounds. The cut on the missing transverse energy, 6ET < 20 GeV,
will also significantly reduce the background from WZ production, as can be seen in
Fig. 3.24b. The effect of these cuts is shown in Fig. 3.25. Again the simulation of the
gauge boson pair production backgrounds does not include Wγ production which may be
an important source of background, but should be significantly reduced by the cuts.
The effect of all these cuts on the background is shown in Table 3.3. This gives a total
background after all the cuts of 4.9 ± 1.6 events, for 10 fb−1 integrated luminosity. If we
take a conservative approach and take a background of 6.5 events, i.e. a 1σ fluctuation
109 3.3 Gauge Decays of the Resonant Slepton
Figure 3.24: The transverse mass and missing transverse energy in WZ events at the LHC. The
distributions are normalized to an integrated luminosity of 10 fb−1.
Figure 3.25: Effect of the isolation cuts on the WZ and ZZ backgrounds at the LHC. The dashed
line gives the background before any cuts and the solid line shows the effect of the isolation cut
described in the text. The dot-dash line gives the effect of all the cuts, including the cut on the
number of jets. The distributions are normalized to an integrated luminosity of 10 fb−1.
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Number of Events
After isolation,
Background After pT cut After isolation pT , MT , 6ET cuts After all cuts
process and pT cuts and OSSF lepton
veto.
WW 3.6± 0.5 0.0± 0.06 0.0± 0.06 0.0± 0.06
WZ 239± 2.5 198.6± 2.3 3.8± 0.3 3.8± 0.3
ZZ 55.4± 0.7 45.2± 0.6 1.04± 0.09 1.04± 0.09
tt¯ (4.4± 0.2)× 103 0.28± 0.13 0.06± 0.06 0.06± 0.06
bb¯ (4.4± 0.9)× 104 0.0± 1.6 0.0± 1.6 0.0± 1.6
Single top 36.6± 1.5 0.0± 0.004 0.0± 0.004 0.0± 0.004
Total (4.9± 0.9)× 104 244.1± 2.9 4.9± 1.6 4.9± 1.6
Table 3.3: Backgrounds to like-sign dilepton production at the LHC. The numbers of events
are based on an integrated luminosity of 10 fb−1. We have calculated an error on the cross
section by varying the scale between half and twice the hard scale, apart from the gauge boson
pair cross section where we do not have this information and the effect of varying the scale is
expected to be small anyway. The error on the number of events is the error on the cross section
and the statistical error from the Monte Carlo simulation added in quadrature. If no events
passed the cut the statistical error was taken to be the same as if one event had passed the cuts.
above the central value of our calculation a 5σ statistical fluctuation would correspond
to 16 events, for an integrated luminosity of 10 fb−1. Fig. 3.23 shows that this is a
conservative upper bound.
We adopted the same procedure described in the previous section to obtain the ac-
ceptance for the 6Rp signal given the cuts we have imposed. The discovery potential of
the LHC is shown in Fig. 3.26, for λ′211 = 10−2 with different integrated luminosities, and
in Fig. 3.27, for an integrated luminosity of 10 fb−1 with different values of λ′211. This is
considerably greater than the discovery potential of the Tevatron at high M0 and M1/2
due to the larger centre-of-mass energy of the LHC and hence the larger cross sections. In
particular, the search potential with one year’s running at high luminosity, i.e. 100 fb−1,
covers large regions of the M0, M1/2 plane. At very large values of M1/2 this extends to
regions where the sparticle pair production cross section is small due to the high masses
of the SUSY particles.
At small values of M0 and M1/2 there are regions of SUGRA parameter space which
cannot be probed for any couplings due to the cuts we have applied. However these regions
can be excluded by either LEP or the Tevatron and we will therefore ignore them in the
rest of this analysis. If we neglect these regions, the LHC can observe a resonant slepton
with a mass of up to 510 (710) GeV for a coupling of λ′211 = 0.02 with 10 (100) fb
−1
integrated luminosity and for a coupling λ′211 = 0.05 a resonant slepton can be observed
with a mass of up to 750 (950) GeV with 10 (100) fb−1 integrated luminosity.
As with the Tevatron analysis, we have neglected the background from sparticle pair
production. This is reasonable in an initial search for an excess of like-sign dilepton
pairs over the Standard Model expectation. If such an excess were observed it would be
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Figure 3.26: Contours showing the discovery potential of the LHC in the M0, M1/2 plane
for λ′211 = 10−2 and A0 = 0 GeV. These contours are a 5σ excess of the signal above the
background. Here we have imposed cuts on the isolation and pT of the leptons, the transverse
mass and the missing transverse energy described in the text, and a veto on the presence of
OSSF leptons. We have only considered the Standard Model background. The striped and
hatched regions are described in the caption of Fig. 3.9.
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Figure 3.27: Contours showing the discovery potential of the LHC in the M0, M1/2 plane
for A0 = 0 GeV and an integrated luminosity of 10 fb
−1 with different values of λ′211. These
contours are a 5σ excess of the signal above the background. Here we have imposed cuts on the
isolation and pT of the leptons, the transverse mass and the missing transverse energy described
in the text, and a veto on the presence of OSSF leptons. We have only considered the Standard
Model background. The striped and hatched regions are described in the caption of Fig. 3.9.
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necessary to establish which process was producing the effect. In the next section, we will
present the cuts necessary to reduce the background from sparticle pair production and
enable a resonant slepton signature to be established over all the backgrounds.
SUSY Backgrounds
The background from sparticle pair production is much more important at the LHC
than the Tevatron given the much higher cross sections for sparticle pair production. The
nature of the sparticles produced is also different due to the higher energies. In the regions
of SUGRA parameter space where the pair production cross section at the Tevatron
is large the lightest SUSY particles, i.e. the electroweak gauginos, are predominately
produced. This is because the production of the heavier squarks and gluinos is suppressed
by the higher parton–parton centre-of-mass energies required. However given the higher
centre-of-mass energy of the LHC the production of the coloured sparticles which occurs
via the strong interaction dominates the cross section. This means that a cut on the
number of jets in an event will be more effective in reducing the background from sparticle
pair production. The following cut was applied:
• Vetoing all events when there are more than two jets each with pT > 50 GeV.
As the sparticle pair production background at the LHC is larger than at the Tevatron
we needed to simulate more events in order to obtain a reliable estimate of the acceptance
for this background. This meant that with the available resources we were forced to
use a coarser scan of the M0, M1/2 plane. We used a 16 point grid and simulated a
different number of events at each point depending on the value of M1/2 as the sparticle
pair production cross section decreases as M1/2 increases. We simulated 10
5, 105, 106,
and 107 events at each of four points in M0 for M1/2 = 875 GeV, M1/2 = 625 GeV,
M1/2 = 375 GeV and M1/2 = 125 GeV, respectively.
Our estimate of the discovery potential of the LHC after this cut, including all the
backgrounds is given in Fig. 3.28, for λ211 = 10
−2 with different integrated luminosities,
and in Fig. 3.29, for an integrated luminosity of 10 fb−1 with different values of the 6Rp
Yukawa couplings. As with the Tevatron, the discovery potential is reduced in two regions
relative to that shown in Figs. 3.26 and 3.27. The reduction at high M1/2 is due to the
smaller signal after the imposition of the jet cut, whereas the reduction at small M1/2 is
due to the larger background. However there are still large regions of SUGRA parameter
space in which this process is visible above the background, particularly at large M1/2
where there is less sensitivity to sparticle pair production. Due to the larger backgrounds
from sparticle pair production there are large regions, at small M1/2, where the signal is
detectable above the background although the S/B is small. In general there is a region
extending around 200 GeV in M1/2 above the bottom of the 5σ discovery contour for
100 fb−1 where S/B < 1.
If we again neglect the region at small M0 and M1/2, which cannot be probed for
any 6Rp Yukawa couplings given our cuts, we can obtain a mass reach for the LHC with
a given 6Rp Yukawa coupling. Slepton masses of 460 (600) GeV can be discovered with
10 (100) fb−1 integrated luminosity for a coupling λ′211 = 0.05 and slepton masses of
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Figure 3.28: Contours showing the discovery potential of the LHC in the M0, M1/2 plane
for λ′211 = 10−2 and A0 = 0 GeV. These contours are a 5σ excess of the signal above the
background. Here, in addition to the cuts on the isolation and pT of the leptons, the transverse
mass and the missing transverse energy described in the text, and a veto on the presence of OSSF
leptons, we have imposed a cut on the presence of more than two jets. We have included the
sparticle pair production background as well as the Standard Model backgrounds. The striped
and hatched regions are described in the caption of Fig. 3.9.
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Figure 3.29: Contours showing the discovery potential of the LHC in the M0, M1/2 plane
for A0 = 0 GeV and an integrated luminosity of 10 fb
−1 with different values of λ′211. These
contours are a 5σ excess of the signal above the background. Here, in addition to the cuts on the
isolation and pT of the leptons, the transverse mass and the missing transverse energy described
in the text, and a veto on the presence of OSSF leptons, we have imposed a cut on the presence
of more than two jets. We have included the sparticle pair production background as well as
the Standard Model backgrounds. The striped and hatched regions are described in the caption
of Fig. 3.9.
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610 (820) GeV can be observed with 10 (100) fb−1 integrated luminosity for a coupling
λ′211 = 0.1.
3.3.4 Mass Reconstruction
There are many possible models which lead to an excess of like-sign dilepton pairs over the
prediction of the Standard Model. Indeed, we have seen that within the 6Rp extension of
the MSSM such an excess could be due to either sparticle pair production followed by 6Rp
decays of the LSPs, or resonant charged slepton production followed by a supersymmetric
gauge decay of the slepton. The cut on the number of jets described above gives one way
of discriminating between these two scenarios.
An additional method of distinguishing between these two scenarios is to try to recon-
struct the masses of the decaying sparticles for resonant slepton production. In principle
this is straightforward. The neutralino decay to a quark–antiquark pair and a charged
lepton will give two jets (or more after the emission of QCD radiation) and a charged
lepton. These decay products should be relatively close together. Therefore to reconstruct
the neutralino we took the highest two pT jets in the event and combined them with the
charged lepton which was closest in (η, φ) space. We only used events in which both jets
had pT > 10 GeV in addition to passing all the cuts described in the previous sections,
i.e. both the cuts required to suppress the Standard Model and SUSY backgrounds. This
gives a neutralino candidate. The masses of these candidates are shown, for a sample
point in SUSY parameter space, for both the Tevatron, Fig. 3.30, and the LHC, Fig. 3.31.
In both cases, in addition to showing the result for the coupling λ′211 = 10−2, we show a
coupling for which the signal is exactly 5σ above the background at this point to demon-
strate what can be seen if the signal is only just detectable. Both figures show that the
reconstructed neutralino mass is in good agreement with the simulated value, although
the situation may be worse once detector effects have been included.
We can then combine this neutralino candidate with the remaining lepton in the event
to give a slepton candidate, under the assumption that the like-sign leptons were produced
in the processes ℓ˜+ → ℓ+χ˜01. The mass distribution of these slepton candidates is shown
in Fig. 3.32 for the Tevatron and Fig. 3.33 for the LHC. Again there is good agreement
between the position of the peak in the distribution and the value of the smuon mass used
in the simulation.
The data for both the neutralino and smuon mass reconstructions is binned in 10 GeV
bins. We have used the events in the central bin and the two bins on either side to
reconstruct the neutralino and smuon masses. These reconstructed masses are given in
Table 3.4. For both the points we have shown, the reconstructed mass lies between 5 GeV
and 15 GeV below the simulated sparticle masses. This is due to the loss of some of the
energy of the jets produced in the neutralino decay from the cones used to define the
jets. It is common to include this effect in the jet energy correction, so this shift would
probably not be observed in a full experimental simulation.
The agreement between the results of the simulation and the input values is good
provided that the Standard Model background is dominant over the background from
sparticle pair production and that the lightest neutralino is predominantly produced in
the smuon decay. This is the case at the points used in Figs. 3.30-3.33. At the point
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Figure 3.30: The reconstructed neutralino mass at the Tevatron for M0 = 50 GeV,
M1/2 = 250 GeV, tan β = 2, sgnµ > 0 and A0 = 0 GeV. The value of the coupling in (b)
is chosen such that after the cuts applied in Section 3.3.3 the signal is 5σ above the background.
At this point the lightest neutralino mass is Mχ˜01 = 98.9 GeV. We have normalized the distri-
butions to an integrated luminosity of 2 fb−1. The dashed line shows the background and the
solid line shows the sum of the signal and the background.
Figure 3.31: The reconstructed neutralino mass at the LHC for M0 = 350 GeV,
M1/2 = 950 GeV, tan β = 10, sgnµ < 0 and A0 = 0 GeV. The value of the coupling in
(b) is chosen such that after the cuts applied in Section 3.3.3 the signal is 5σ above the back-
ground. At this point the lightest neutralino mass is Mχ˜01 = 418.0 GeV. We have normalized
the distributions to an integrated luminosity of 10 fb−1. The dashed line shows the background
and the solid line shows the sum of the signal and the background.
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Figure 3.32: The reconstructed slepton mass at the Tevatron for M0 = 50 GeV,
M1/2 = 250 GeV, tan β = 2, sgnµ > 0 and A0 = 0 GeV. The value of the coupling in (b)
is chosen such that after the cuts applied in Section 3.3.3 the signal is 5σ above the background.
At this point the smuon mass is Mµ˜L = 189.1 GeV. We have normalized the distributions to an
integrated luminosity of 2 fb−1. The dashed line shows the background and the solid line shows
the sum of the signal and the background.
Figure 3.33: The reconstructed slepton mass at the LHC for M0 = 350 GeV,
M1/2 = 950 GeV, tan β = 10, sgnµ < 0 and A0 = 0 GeV. The value of the coupling in (b) is
chosen such that after the cuts applied in Section 3.3.3 the signal is 5σ above the background.
At this point the smuon mass is Mµ˜L = 745.9 GeV. We have normalized the distributions to
an integrated luminosity of 10 fb−1. The dashed line shows the background and the solid line
shows the sum of the signal and the background.
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Experiment λ′211 Cuts Point Neutralino mass/GeV Slepton mass/GeV
Actual Recon. Actual Recon.
Tevatron 10−2 no A 98.9 90.3 189.1 181.6
Tevatron 5.2× 10−3 no A 98.9 91.8 189.1 182.3
LHC 10−2 no B 418.0 404.1 745.0 734.1
LHC 6.9× 10−2 no B 418.0 405.1 745.0 732.6
LHC 10−2 no C 147.6 142.7 432.0 421.3
LHC 10−2 yes C 147.6 143.4 432.0 423.3
Table 3.4: Reconstructed neutralino and slepton masses. The following SUGRA points were
used in these simulations: point A has M0 = 50 GeV, M1/2 = 250 GeV, tan β = 2, sgnµ > 0
and A0 = 0 GeV; point B has M0 = 350 GeV, M1/2 = 950 GeV, tan β = 10, sgnµ < 0 and
A0 = 0 GeV; point C has M0 = 350 GeV, M1/2 = 350 GeV, tan β = 10, sgnµ < 0 and
A0 = 0 GeV. The Tevatron and LHC results are based on an integrated luminosity of 2 fb
−1
and 10 fb−1, respectively.
M0 = 50 GeV, M1/2 = 250 GeV, tanβ = 2, sgnµ > 0 and A0 = 0 GeV the branching
ratio for the decay of the smuon to the lightest neutralino is BR(µ˜L → χ˜01µ+) = 98%.
Similarly, at the point M0 = 350 GeV, M1/2 = 950 GeV, tan β = 10, sgnµ < 0 and
A0 = 0 GeV, the dominant decay mode of the smuon is to the lightest neutralino with a
branching ratio of BR(µ˜L → χ˜01µ+) = 99%.
It can however be the case that there is a significant background from sparticle pair pro-
duction and a substantial contribution from the production of charginos and heavier neu-
tralinos. This is shown in Fig. 3.34a for the neutralino mass reconstruction and Fig. 3.35a
for the smuon mass reconstruction. Figs. 3.34a and 3.35a show that there is a significant
background in both distributions. At this point, i.e. λ′211 = 10−2, M0 = 350 GeV,
M1/2 = 350 GeV, tan β = 10, sgnµ < 0 and A0 = 0 GeV, the smuon dominantly
decays to the lightest chargino, with branching ratio BR(µ˜L → χ˜−1 νµ) = 50.9%. The
other important decay modes are to the next-to-lightest neutralino, with branching ra-
tio BR(µ˜L → χ˜02µ+) = 28.0%, and to the lightest neutralino, with branching ratio
BR(µ˜L → χ˜01µ+) = 20.9%.
In the neutralino distribution there is still a peak at the simulated neutralino mass,
although there is a large tail at higher masses. This tail is mainly due to the larger sparticle
pair production background. The production of charginos and the heavier neutralinos does
not significantly effect this distribution as the heavier gauginos will cascade decay to the
LSP due to the small 6Rp coupling.
In the slepton distribution in addition to the larger background there is also a spurious
peak in the mass distribution due to the production of the lightest chargino and the χ˜02.
As we are not including all of the decay products of the chargino or χ˜02 in the mass
reconstruction, the reconstructed slepton mass in signal events where a chargino or heavier
neutralino is produced is below the true value.
We can improve the extraction of both the neutralino and slepton masses by imposing
some additional cuts. The aim of these cuts is to require that the neutralino candidate
and the second lepton are produced back-to-back, because in most of the signal events
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Figure 3.34: The reconstructed neutralino mass at the LHC for λ′211 = 10−2,
M0 = 350 GeV, M1/2 = 350 GeV, tan β = 10, sgnµ < 0 and A0 = 0 GeV. At this point
the lightest neutralino mass is Mχ˜01 = 147.6 GeV. We have normalized the distributions to an
integrated luminosity of 10 fb−1. The cuts used are described in the text. The dashed line shows
the background and the solid line shows the sum of the signal and the background.
Figure 3.35: The reconstructed slepton mass at the LHC for λ′211 = 10−2, M0 = 350 GeV,
M1/2 = 350 GeV, tan β = 10, sgnµ < 0 and A0 = 0 GeV. At this point the smuon mass is
Mµ˜L = 432.0 GeV. We have normalized the distributions to an integrated luminosity of 10 fb
−1.
The cuts used are described in the text. The dashed line shows the background and the solid
line shows the sum of the signal and the background.
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the resonant smuon will only have a small transverse momentum due to the initial-state
parton shower. We therefore require the transverse momenta of the neutralino candidate
and the second lepton to satisfy |pjjℓ1T −pℓ2T | < 20 GeV, and the azimuthal angles to satisfy
||φjjℓ1 − φℓ2| − 1800| < 150. pjjℓ1T is the transverse momentum of the combination of the
hardest two jets in the event and the lepton closest to the jets in (η, φ) space, i.e. the
transverse momentum of the neutralino candidate. Similarly φjjℓ1 is the azimuthal angle
of the combination of the hardest two jets in the event and the lepton closest to the jets
in (η, φ) space, i.e. the azimuthal angle of the neutralino candidate.
Figs. 3.34b and 3.35b show that this significantly reduces the background and the
spurious peak in the slepton mass distribution. At these points it is also possible to
reconstruct the lightest neutralino, chargino and sneutrino masses using the decay chain
ν˜ → χ˜+1 ℓ+ followed by the decay of the chargino χ˜+1 → ℓ+νℓχ˜01 and the 6Rp decay of the
lightest neutralino to a lepton and two jets [6, 68]. The reconstructed neutralino and
slepton masses, before and after the imposition of the new cuts, are given in Table 3.4.
The same procedure as before was used to extract the sparticle masses. There is reasonable
agreement between the simulated and reconstructed sparticle masses although again the
reconstructed values lie between 5 and 15 GeV below the values used in the simulations,
due to the loss of energy from the cones used to define the jets in the neutralino decay.
3.4 Summary
We have considered both the 6Rp and gauge decay modes of resonant sleptons. The 6Rp
decay modes can only be used to discover these processes for large values of the couplings
due to the large QCD background.
However the like-sign dilepton signature of these processes can be observed above the
background for much lower values of the 6Rp Yukawa couplings. We have performed a
detailed analysis of the background to like-sign dilepton production at both Run II of
the Tevatron and the LHC. We find a background from Standard Model processes of
0.43 ± 0.16 events for 2 fb−1 integrated luminosity at the Tevatron and 4.9 ± 1.6 events
for 10 fb−1 integrated luminosity at the LHC, after a set of cuts. If we only consider this
background there are large regions of SUGRA parameter space where resonant slepton
production followed by a supersymmetric gauge decay of the slepton is visible above the
SM background even for the small values of the 6Rp couplings we considered.
This is presumably the strategy which would be adopted in any initial experimental
search, i.e. looking for an excess of a given type of event over the Standard Model pre-
diction. If such an excess were observed it would then be necessary to identify which of
the many possible models of beyond the Standard Model physics was correct.
In the 6Rp MSSM such an excess of like-sign dileptons can come from two possi-
ble sources: from sparticle pair production followed by the decay of the LSP, and from
resonant sparticle production. We have considered the background to resonant slepton
production from sparticle pair production and found that after an additional cut on the
number of jets the signal from resonant slepton production is visible above the combined
Standard Model and SUSY pair production background for large ranges of SUGRA pa-
rameter space.
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Finally we have studied the possibility of measuring the mass of the resonant slepton
and the neutralino into which it decays. Our results suggest that this should be possible
even if the signal is only just detectable above the background.
Resonant slepton production offers a potentially interesting channel for the discovery
of 6Rp SUSY and can be used, provided the 6Rp couplings are not too small, to discover
supersymmetry over a larger range of SUSY parameter space than supersymmetric particle
pair production due to the larger kinematic reach.
Chapter 4
KARMEN Anomaly
4.1 Introduction
The KARMEN experiment is designed to search for neutrino oscillations by looking for the
appearance of νe from the oscillation νµ → νe and of ν¯e from the oscillation ν¯µ → ν¯e [120].
While the KARMEN experiment has detected no deviations from the Standard Model
predictions which are consistent with neutrino oscillations, their results do contain an
anomaly [121].
We will first describe the KARMEN experiment and the nature of the anomaly followed
by a possible explanation of this anomaly in terms of R-parity violating supersymmetry.
This is followed by a discussion of other possible constraints on this model and possible
future experimental tests of our model.
The basic idea of the KARMEN experiment is that a proton beam hits a target pro-
ducing pions. These pions are quickly stopped in the target and then decay, π+ → µ+νµ.
This gives a source of mono-energetic νµ, from the two-body pion decay, the spectrum of
which is shown in Fig. 4.1a. The muons then decay, µ+ → e+νeν¯µ, giving equal numbers
of νe and ν¯µ. The energy spectrum of these neutrinos is also shown in Fig. 4.1a.
The experiment uses the ISIS proton beam at the Rutherford Appleton Laboratory.
This is a pulsed proton beam which has two pulses separated by 330 ns. The pulse
structure of the proton beam is shown in Fig. 4.1b. The pairs of pulses are separated by
20 ms. When the beam hits the target pions are promptly produced, followed by νµ from
the pion decays due to the short lifetime of the charged pion. This means the detector
will first detect two pulses of νµ during the first 0.5 µs, after the proton beam hits the
target, followed by the νe and ν¯µ from the muon decays, which occur with a lifetime of
2.2 µs. This gives the expected time distribution for neutrino detection by the KARMEN
experiment shown in Fig. 4.1b.
The νµ can thus be separated from the other two types of neutrino by measuring the
time at which they are detected relative to the time of the beam hitting the target. A
full description of the experiment can be found in [120, 121].
The expectation of the experiment is to see the initial pulse followed by an exponential
fall-off with a time constant of 2.2 µs consistent with the muon decay. However, in addition
to this signal an additional component is seen which is consistent with a Gaussian centered
at a time 3.6 ± 0.25 µs after the beam hits the target [121]. This effect was seen in the
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Figure 4.1: The energy spectrum (a) and time structure (b) of the neutrinos produced in the
KARMEN experiment. In (b) the neutrino production is shown on two different time scales for
the νµ neutrinos, and the ν¯µ and νe neutrinos. (Taken from [122]).
first run of the KARMEN experiment [121] and has since been confirmed by a new run
with improved shielding to eliminate the background from cosmic-rays [123, 124].1
The explanation of this anomaly proposed by the KARMEN collaboration in [121]
was that a new hypothetical particle, X, was produced at the target and deposits energy
in the detector when it decays. The arrival time, i.e. the time of the Gaussian component
observed by the KARMEN experiment, can be used to estimate the velocity of the particle
giving vX =
(
5.2± 2.21.4
)
× 106 ms−1. If we assume that the particle X is produced in
the decay of the pion, i.e. π+ → µ+X, its mass is mX = 33.9 MeV (just below the
kinematic limit for the decay) and the momentum of the particle in the pion rest frame
is pX = 0.6 MeV [121]. The new particle could also be produced by the interaction of
the proton beam with the target, which we will not consider here. The energy observed
in the detector is ∼ 11 − 35 MeV, which is a lot greater than the kinetic energy of the
X particle and must therefore come from the decay of the X particle, if it is produced
in the pion decay, π+ → µ+X. Since the particle passes through over 7 metres of steel,
between the target and the KARMEN detector, it must also be neutral. A time-of-flight
likelihood analysis adopting the hypothesis that the anomaly is due to a decaying particle
has a negative natural log-likelihood ratio of 9, i.e. a less than 1 in 104 chance of being a
statistical fluctuation.
We can consider various possible candidates for the particle X and its decay modes
which lead to the observed energy deposit in the experiment. There have been a number
of different explanations of the anomaly [125–128]:
1The KARMEN collaboration has recently announced new results which are discussed in the Adden-
dum.
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Figure 4.2: Time distribution of the events detected by KARMEN between 0.6− 10.6 µs after
the proton beam hits the target. The solid line in (a) is the result of a fit to the cosmic ray
background (assumed to be constant in time) and the neutrino-induced events from muon decay.
The excess number of events after the events from the cosmic ray background and the neutrinos
from muon events have been subtracted is shown in (b). These plots are taken from [134].
• One suggestion in [121] was that X could be the tau neutrino, but as they point out
this is excluded by the limit on the tau neutrino mass from ALEPH [129]. It was
shown in [125] that an SU(2)L doublet neutrino was excluded. This was reinforced
by an improvement [130] in the limit for the branching ratio,2
BR(π+ → µ+X) < 1.2× 10−8 (95% C.L.), (4.1)
versus the minimum value of ∼ 2× 10−8 required in the doublet-neutrino scenario.
A sterile neutrino has also been considered, however [125, 133] showed that while a
sterile neutrino was consistent with the current laboratory data, within strict limits
on the mixing parameters, it may conflict with the cosmological bounds.
• In [126] the solution proposed was based on an anomalous muon decay, µ+ → e+X,
as opposed to the pion decay of [121]. X was taken to be a scalar boson with mass
103.9 MeV and kinetic energy 1.7 MeV. This gives too large a value for the energy
2There have subsequently been two further improvements in this bound. The first bound [131]
only applies for small X lifetimes in the range ∼ 10−9 − 10−3 s and is therefore not relevant for this
study. The second [132] is an improvement in the results of [130] and now excludes branching ratios
BR(π+ → µ+X) < 6.0× 10−10 (95% C.L.). We will use this bound in the rest of this thesis.
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Figure 4.3: Radiative 6Rp decay of a neutralino.
release in the X decay and the required branching ratio is constrained by the bound
BR(µ+ → e+X) < 5.7× 10−4 (90% C.L.) [135]. It is therefore necessary to add two
more scalar bosons to the model into which X can cascade decay to reduce the energy
deposit in the detector [126]. This model is viable but is somewhat contrived.
• Another suggestion [127] was that the massive particle could be the lightest neu-
tralino in a SUSY model. This neutralino then has to decay via an R-parity violating
interaction. In [127] the neutralino was assumed to be a photino or a zino. The
pion decay can proceed via the 6Rp operator L2Q1D1,
π+ −→ µ+γ˜. (4.2)
In [127] only one non-zero 6Rp operator was considered and hence the neutralino has
to decay radiatively
γ˜ −→ γνµ, (4.3)
via the Feynman diagrams shown in Fig. 4.3. However the new data from the
KARMEN experiment appears to suggest that a three-body decay of the new par-
ticle, X, is favoured [123].
• A similar model to [127] with a three-body decay for the neutralino has been pro-
posed in [136]. In [136] the neutralino decay was due to neutralino/neutrino mixing
from the bilinear term in the 6Rp superpotential, Eqn.1.63. This explanation of the
KARMEN anomaly requires the Higgs mixing term in the superpotential µH1H2
to be unnaturally small, µ ≤ 30 MeV. Furthermore, this scenario implies a MeV
mass for the tau neutrino which is ruled out by cosmological and astrophysical
arguments [137, 138].
• In any model with a single particle X, produced in the decay π+ → µ+X, there is
fine-tuning between the mass of the X particle and the difference between the pion
and muon masses in order to reproduce the experimental results. This fine-tuning
is approximately one part in 104, i.e. 1−MX/(mπ −mµ) = 1.8× 10−4, where mµ is
127 4.2 The Model
the muon mass and mπ is the charged pion mass.
In [128] a brane-word model was proposed which alleviates this problem. In this
model the particle X is a sterile neutrino which is part of a tower of Kaluza-Klein
excitations associated with a singlet fermion, with respect to the Standard Model
gauge group, propagating in 4 + d dimensions. If the mass splitting of the Kaluza-
Klein tower is small it is more plausible that one of these Kaluza-Klein excitations
has the correct mass to explain the experimental results than if there is only a single
particle, X. The problem with this model is that the neighbouring states must not
be detectable.
We shall present a model which extends the model of [127] by including a three-body
decay of the neutralino via trilinear R-parity violation. The details of this model are
discussed in the next section. We then consider other possible constraints on this model
both from low energy experiments, Section 4.3, and present day collider experiments,
Section 4.4. We also suggest possible tests of this model in future experiments.
4.2 The Model
We propose, as in [127], that X is the lightest neutralino with mass Mχ˜01 = 33.9 MeV
and that this is the lightest supersymmetric particle in the model. Since X is effectively
stable on collider time-scales (τχ˜01 & 0.07 s) our model is experimentally very similar to the
MSSM. In the GUT-inspired MSSMM1 =
5
3
tan2 θWM2, whereM1 andM2 are the SUSY-
breaking masses for the bino and wino respectively.3 Assuming this relation requires
that Mχ˜01 > 32.3 GeV from current LEP data [139]. Hence, in order to obtain a very
light neutralino in the SUSY spectrum we must consider M1 and M2 to be independent
parameters. A small value of M2 implies at least one light chargino. This can be seen
by considering small values of M2 and the chargino mass matrix in Eqn.A.4. Such a
light chargino is excluded by experiment. We must therefore consider small values of M1.
This implies, from the neutralino mass matrix in Eqn.A.22, that the lightest neutralino
is dominantly bino. We will quantify this in Section 4.4 where we present regions in the
(M1,M2, µ, tanβ) parameter space which are consistent with all the current experimental
limits. These solutions are indeed dominantly bino, with a small higgsino component.
Instead of only considering one non-zero R-parity violating coupling we will allow two
non-zero couplings. First we allow the coupling λ′211 to be non-zero so the pion can decay
as in [127],
π+ −→ µ+χ˜01. (4.4)
The tree-level Feynman diagrams for this decay are shown in Fig. 4.4. In order to allow a
three-body decay for the lightest neutralino we consider a non-zero coupling λ1j1, where
j is 2 or 3. The neutralino can then undergo a three-body decay
χ˜01 −→ e−νje+. (4.5)
3The gaugino mass terms in the SUSY Lagrangian can be found in Appendix A.2.
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Figure 4.4: Pion decay to muon and neutralino.
Due to the low mass of the neutralino this is the only kinematically allowed three-body
decay mode. This decay mode will dominate over the two-body radiative decay mode.
Fig. 4.5 shows the values of the branching ratio, BR(π+ → µ+χ˜01), and the neutralino
lifetime, τχ˜01 , which are compatible with the KARMEN data [121]. We can therefore
determine the range of couplings λ′211, λ131 (or λ121) these solutions correspond to in our
model by calculating both the pion branching ratio and the lifetime of the neutralino. We
can understand the shape of this curve, i.e. Fig. 4.5, in the following way. The number of
events detected is the number of neutralinos which decay inside the detector, multiplied
by the efficiency for detecting such a decay. For one neutralino, with lifetime τ , the
probability of it decaying inside the detector is
Pdetected =
[
e−
t1
τ − e− t2τ
]
, (4.6)
where t1 is the time the neutralino enters the detector and t2 is the time it leaves the de-
tector. The total number of events detected by the KARMEN experiment from neutralino
decay is
Ndetected = Nproduced ×G× Pdetected, (4.7)
where Nproduced is the number of neutralinos produced and G is a geometrical factor
describing the fraction of the total solid angle covered by the KARMEN experiment
multiplied by the probability of detecting a decay of the X particle which occurs inside
the detector. The number of neutralinos produced is Nproduced = Nπ × BR(π+ → µ+χ˜01),
where Nπ is the number of pions produced at the target. Hence the branching ratio
required to solve the KARMEN anomaly is given by
BR(π+ → µ+χ˜01) =
Ndetected
Nπ ×G
1[
e−
t1
τ − e− t2τ
] . (4.8)
The ratio Ndetected
Nπ×G = 1.65 × 10−17. The times t1 and t2 at which the particle enters and
leaves the detector can be calculated from the geometry of the detector and the particle’s
velocity giving
t1 = 2.925 µs, (4.9a)
t2 = 3.579 µs. (4.9b)
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Figure 4.5: Branching ratio for π+ → µ+X against lifetime of X required to solve the KARMEN
anomaly. The hashed area gives the experimental upper bound, Eqn. 4.1. The results of [131]
also exclude an additional region down to branching ratios of less than 10−12 for lifetimes between
∼ 10−9 − 10−3 s.
In the limit τ ≫ t1, t2 this reduces to
BR(π+ → µ+χ˜01) ≃
Ndetected × τ
Nπ ×G (t2 − t1) . (4.10)
This gives the linear region in Fig. 4.5 for τ > 10 µs.
The calculation of the anomalous pion decay and the neutralino lifetime are pre-
sented below. We can use Eqn. 4.8 to calculate the range of the couplings λ′211, λ131
(or λ121) which are consistent with the lifetimes and branching ratios required to solve
the KARMEN anomaly.
4.2.1 Pion Decay Rate
We can use chiral perturbation theory to calculate the decay rate of the pion via 6Rp as
we would to calculate the Standard Model weak decay rate of the pion. To do this we
need to obtain an effective Lagrangian for the four-fermion interaction of µ−, u¯, d, and
χ01 with the sfermion degrees of freedom integrated out, just as we would use the Fermi
theory with the W degrees of freedom integrated out to perform the calculation of the
Standard Model decay rate.
It is easiest to manipulate these Lagrangians in two-component notation. Using this
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Coefficient General coupling Pure photino Pure bino
Aµ eN
′
l1 +
gN ′l2
cos θW
(
1
2
− sin2 θW
)
e −g′YµL
2
Au −eeuN ′l1 − gN
′
l2
cos θW
(
1
2
− eu sin2 θW
) −eeu −g′YuL2
Ad eedN
′
l1 − ged sin
2 θWN
′
l2
cos θW
eed
g′YdR
2
Table 4.1: Coefficients for the fermion-sfermion-neutralino Lagrangian. The hypercharges of
the MSSM fields are given in Table 1.2.
notation the relevant terms in the fermion-sfermion-neutralino Lagrangian are
Lf f˜χ˜ =
√
2
(
Aµµ˜Lψ¯χ˜ψ¯µL + Auu˜Lψ¯χ˜ψ¯uL + Add˜
∗
Rψ¯χ˜ψ¯dcL
)
+ h.c., (4.11)
where the coefficients are given in Table 4.1. It should be noted that we have only kept the
gaugino pieces of the Lagrangian as we are not interested in the higgsino case. Similarly,
the relevant pieces of the 6Rp Lagrangian are
L 6Rp = λ′211
(
d˜Rψ¯µL ψ¯uL + u˜
∗
Lψ¯µL ψ¯dcL + µ˜
∗
Lψ¯uLψ¯dcL
)
+ h.c.. (4.12)
We then proceed by integrating out the heavy sfermion degrees of freedom to obtain an
effective Lagrangian
Leff = λ′211
√
2
(
Aµ
M2µ˜L
ψ¯χ˜ψ¯µLψ¯uLψ¯dcL +
Au
M2u˜L
ψ¯χ˜ψ¯uLψ¯µLψ¯dcL +
Ad
M2
d˜R
ψ¯χ˜ψ¯dc
L
ψ¯µL ψ¯uL
)
+ h.c.,
(4.13)
where Mµ˜L is the left smuon mass, Mu˜L is the left up squark mass and Md˜R is the right
down squark mass.
To enable us to apply the results of chiral perturbation theory we need to rearrange
the last two terms in Eqn. 4.13 using a Fierz transformation. This leads to Eqn. 4.14 and
some tensor-tensor interaction terms which we can neglect as these do not contribute to
the pion decay,
LFierz =
√
2λ′211
(
Aµ
M2µ˜L
− Au
2M2u˜L
− Ad
2M2
d˜R
)
ψ¯χ˜ψ¯µL ψ¯uLψ¯dcL + h.c.. (4.14)
This equation can be rewritten in terms of four-component Dirac spinors
LFierz =
√
2λ′211
(
Aµ
M2µ˜L
− Au
2M2u˜L
− Ad
2M2
d˜R
)
µ¯PRχ˜
0u¯PRd+ h.c., (4.15)
where PL =
1
2
(1 − γ5) is the projection operator for the left-handed component of the
fermion field and PR =
1
2
(1+γ5) is the projection operator for the right-handed component
of the fermion field. The amplitude for the pion decay can be calculated by splitting the
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amplitude into a pion matrix element and the matrix element for the final state,
A = iλ
′
211√
2
(
Aµ
M2µ˜L
− Au
2M2u˜L
− Ad
2M2
d˜R
)
u¯µ(p1)PRvχ˜(p2)
∫
d4xei(p1+p2)·x〈0|u¯γ5d|π−(p0)〉,
(4.16)
where p0 is the pion momentum, p1 is the muon momentum and p2 is the neutralino
momentum. The pion matrix element is given by the standard chiral perturbation theory
identity
〈0|jµ5a(x)|πb(p0)〉 = −ipµ0fπδabe−ip0·x, (4.17)
where a and b are the isospin of the pion, jµ5a(x) is the axial-vector current and fπ is the
pion decay constant. It should be noted that some authors, including the Particle Data
Group [22], define fπ to be
√
2fπ compared to our definition. This is because they define
Eqn. 4.17 in terms of a charged pion basis rather than the isospin basis we have used here.
Using Eqn. 4.17 we can obtain
〈0|u¯γµγ5d|π−(p0)〉 = −i
√
2pµ0fπe
−ip0·x. (4.18)
By contracting Eqn. 4.18 with the pion four-momentum and using the Dirac equation for
the up and down quarks we obtain,
〈0|u¯γ5d|π−(p0)〉 = i
√
2fπm
2
πe
−ip0·x
(mu +md)
, (4.19)
where mu and md are the up and down quark masses respectively. Hence the amplitude
for this process is given by,
A = − λ
′
211fπm
2
π
(mu +md)
(
Aµ
M2µ˜L
− Au
2M2u˜L
− Ad
2M2
d˜R
)
u¯µ(p1)PRvχ˜(p2)(2π)
4δ(4) (p0 − p1 − p2).
(4.20)
We can therefore obtain the following partial width:
Γ(π → µχ˜01) =
λ′2211f
2
πm
2
πpcm
8π(mu +md)2
(
Aµ
M2µ˜L
− Au
2M2u˜L
− Ad
2M2
d˜R
)2 (
m2π −m2µ −m2χ˜
)
, (4.21)
where pcm =
1
2mπ
√
[m2π − (mµ +mχ˜)2] [m2π − (mµ −mχ˜)2] and mχ˜ is the lightest neu-
tralino mass.
The partial width for the Standard Model decay mode π+ → ℓ+νℓ is given by
Γ(π+ → ℓ+νℓ) = G
2
Ff
2
πmπm
2
ℓ
4π
(
1− m
2
ℓ
m2π
)2
. (4.22)
In the Standard Model the dominant pion decay mode is to the muon and muon neutrino,
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Coefficient General Formula Pure Photino Pure Bino
B1 −
(
eN ′l1 +
gN ′l2
cos θW
[
1
2
− sin2 θW
]) −e YeL
2
B2
gN ′l2
2 cos θW
0
YνL
2
B3
(
eN ′l1 − gN
′
l2 sin
2 θW
cos θW
)
e −YeR
2
Table 4.2: Coefficients for the neutralino decay.
and at the level of accuracy to which we are working we can approximate the total decay
rate by the partial width for π+ → µ+νµ. This gives the branching ratio4
BR(π+ → µ+χ˜01) =
λ′2211m
5
πpcm
2G2Fm
2
µ(mu +md)
2
(
Aµ
M2µ˜L
− Au
2M2u˜L
− Ad
2M2
d˜R
)2 (
m2π −m2µ −m2χ˜
)(
m2π −m2µ
)2
≈ 1.4× 10−4
(
λ′211
0.01
)2(
150 GeV
Mf˜
)4
(4.23)
< 6.0× 10−10, (4.24)
where in Eqn. 4.23 we have assumed that the sfermion masses are degenerate, i.e.
Mµ˜L = Mu˜L = Md˜L =Mf˜ , and the neutralino is purely bino. In Eqn. 4.24 we have quoted
the experimental bound from Eqn. 4.1, which is shown as a hashed region in Fig. 4.5. This
bound can be satisfied by either a small 6Rp coupling or a large sfermion mass. In principle
it could also be satisfied if there was a fine-tuned cancellation between different diagrams
for non-degenerate sfermion masses, however we disregard this possibility. This bound on
the pion branching ratio can be translated into an upper bound on λ′211,
λ′211 < 2.1× 10−5
(
Mf˜
150 GeV
)2
. (4.25)
4.2.2 Neutralino Lifetime
We also need to calculate the decay rate for the three-body decay of the neutralino
produced in the pion decay via the LiLjEk term in the 6Rp superpotential, Eqn. 1.63. We
calculate this decay rate neglecting the momentum flow through the virtual sfermions, as
we did in the pion decay calculation, and the masses of the final-state particles. With
these approximations the decay rate is
Γ(χ˜→ ℓ+i ν¯jℓ−k ) =
M5χ˜λ
2
ijk
3072π3
(
B21
M4
ℓ˜iL
+
B22
M4ν˜jL
+
B23
M4
ℓ˜kR
− B1B2
M2
ℓ˜iL
M2ν˜jL
− B1B3
M2
ℓ˜iL
M2
ℓ˜kR
− B2B3
M2ν˜jLM
2
ℓ˜kR
)
. (4.26)
4This disagrees slightly with the result given in [127]. We have discussed this with the authors of [127]
and have agreed on the above result.
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This is obtained by integrating the matrix element given in Appendix B.4, Eqn.B.15, over
the available phase space, Eqn.B.14. The coefficients are given in Table 4.2. In the pure
bino limit this gives
Γ(χ˜→ ℓ+i ν¯jℓ−k ) =
3αM5χ˜λ
2
ijk
1024π2 cos2 θWM
4
f˜
, (4.27)
assuming a common sfermion mass. This gives the result for the neutralino lifetime
τbino = 1.32× 10−3 1
λ2ijk
(
Mf˜
150 GeV
)4(
33.9MeV
Mχ˜
)5
, (4.28)
< 23.8 s. (4.29)
The last inequality comes from using the bound, Eqn. 4.1, on the pion branching ratio
and the solutions shown in Fig. 4.5. This can be inverted to give a bound on the coupling
λ131, λ121 > 7.45× 10−3
(
Mf˜
150 GeV
)2
. (4.30)
4.2.3 Solutions of the KARMEN Anomaly
The KARMEN collaboration has produced a graph of the branching ratio for π+ →
µ+X against the lifetime of X which is required to explain their data, Fig. 4.5. In our
model, each point along the curve in Fig. 4.5 corresponds to a specific anomalous pion
branching ratio, Eqn. 4.23, and a specific neutralino lifetime, Eqn. 4.28. If we assume
that the scalar fermions are degenerate we can translate these solutions into specific
values of the couplings λ′211 and λ131 (or λ121) for a fixed sfermion mass using Eqn. 4.8.
This set of solutions in R-parity violating SUSY parameter space is shown in Fig. 4.6 for
Mf˜ = 150 GeV (solid line), Mf˜ = 300 GeV (dashed line) and Mf˜ = 1000 GeV (dot-dash
line). The hashed lines at λ, λ′ =
√
4π give the perturbative limit. For large sfermion
masses (> 1TeV) there is little room for perturbative solutions. Solutions above and to
the left of the stars are excluded by the inequalities in Eqns. 4.25 and 4.30.
Given the perturbative upper bound, λijk <
√
4π, and the lower bound on the sfermion
mass from LEP 2, Mf˜ > 100 GeV, we also have a lower limit on the lifetime of the
neutralino, τbino > 2.1 × 10−5s. There is therefore a range of six orders of magnitude in
the lifetime or three orders of magnitude in the coupling for solutions in our model.
4.3 Limits on the R-parity Violating Couplings
There are constraints on the R-parity violating couplings which come from low energy
experiments. The best bounds at the 2σ-level on the couplings we are interested in are
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Figure 4.6: Solutions to the KARMEN anomaly in terms of the R-parity violating couplings
λ′211 and λ1{2,3}1, for different (assumed degenerate) sfermion masses. The hashed lines indicate
upper limits on the couplings from perturbativity. The stars and diamonds (squares) give the
upper limits on the couplings λ′211 and λ121 (λ131), respectively. Solutions above and to the left
of the stars are excluded, as are solutions below and to the right of the diamonds (squares).
summarized in [21],
λ′211 < 0.059
(
Md˜R
100 GeV
)
,
λ121 < 0.049
(
Mℓ˜R
100 GeV
)
⇒ τbino > 0.11 s, (4.31)
λ131 < 0.062
(
Mℓ˜R
100 GeV
)
⇒ τbino > 0.07s.
The bound on λ′211 is from the measurement of Rπ = Γ(π → eν)/Γ(π → µν) [58], the
bound on λ121 is from charged-current universality [58] and the bound on λ131 is from a
measurement of Rτ = Γ(τ → eνν¯)/Γ(τ → µνν¯) [58].
The bound on λ′211 in Eqn. 4.31 is weaker than the constraint on the coupling imposed
by the bound on the pion branching ratio, Eqn. 4.1, and therefore we do not consider it
further. In Fig. 4.6 the bounds on the couplings λ121 and λ131 forbid solutions to the right
of the diamonds and squares, respectively. This leaves a range of solutions of about one
order of magnitude in λ′211 and λ131 (or λ121), and corresponds to two orders of magnitude
in the pion branching ratio and neutralino lifetime. The bounds on the couplings λ131
and λ121 give a lower bound on the neutralino lifetime, using Eqn. 4.28, which is given in
Eqn. 4.31.
135 4.3 Limits on the R-parity Violating Couplings
We must also consider bounds on the products of the couplings λ′211λ121 and λ′211λ131.
In the first case there is an additional contribution to the pion decay π+ → µ˜+ → e+νe,
which changes the prediction for Rπ. To calculate this decay rate we first need to obtain
an effective Lagrangian for the four-fermion interaction of the u, d¯, νe and e. This is
L = −λ
′
211λ121
M2µ˜L
d¯PLuν¯PRe, (4.32)
where again the sfermion degrees of freedom have been integrated out.
We can use chiral perturbation theory to calculate the partial width for the decay
π+ → e+νe including this correction to the Standard Model rate. This gives
Γ(π+ → e+νe) = G
2
Ff
2
πmπm
2
e
4π
(
1− m
2
e
m2π
)2 [
1 +
m2πλ
′
211λ121
2
√
2GFM2µ˜Lme(mu +md)
]2
. (4.33)
We can express this as a correction to the ratio Rπ,
Rπ = R
SM
π
[
1 +
m2πλ
′
211λ121
2
√
2GFM2µ˜Lme(mu +md)
]2
. (4.34)
The corresponding Feynman diagram has a different structure from the t-channel squark
exchange which gives the bound on λ′211 in Eqn. 4.31. This leads to a much stricter bound
on the product of the couplings than on either of the couplings individually. At the 2σ
level we obtain
λ′211λ121 < 4.6× 10−7
(
Mµ˜L
100 GeV
)2
. (4.35)
Hence in the case of λ121 the maximum sfermion mass which will solve the KARMEN
anomaly in our model is 400 GeV, using Eqns. 4.10, 4.23 and 4.28.
The couplings λ′211 and λ131 violate muon and tau lepton number, respectively. This
can therefore lead to the decay τ → µγ. The experimental bound on this decay has
recently improved [140],
BR(τ → µγ) < 1.0× 10−6 (90% C.L.). (4.36)
As the couplings λ′211λ131 only contribute to this decay at the two-loop level any bound
from this decay is significantly weaker than the individual bounds on the couplings,
Eqn. 4.31.
There are also severe cosmological bounds on the R-parity violating couplings derived
from considerations of GUT-scale lepto/baryogenesis in the early universe [141–144],
λ, λ′, λ′′ < 5× 10−7
(
Mf˜
1TeV
)
. (4.37)
It was subsequently shown that it is sufficient for just one lepton flavour to satisfy this
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bound [143,144]. In our model both of the couplings must violate this bound. For the case
(λ′211, λ121) we must therefore require either all the electron or all the tau lepton number
violating couplings to satisfy Eqn. 4.37. For the case (λ′211, λ131) we must demand that
all the electron number violating couplings satisfy Eqn. 4.37. Another alternative is that
baryogenesis could occur at the weak scale in which case the bounds in Eqn. 4.37 do not
apply.
4.4 Experimental Constraints on a Light Neutralino
There are a number of possible experimental constraints on a light neutralino which we
will summarize here. We then show that there are regions of (M1,M2, µ, tanβ) parameter
space in which all these constraints are satisfied for a dominantly bino lightest neutralino
with a small higgsino component. We consider this scenario to avoid all of the constraints.
In our model M1 and M2 are not related by the supersymmetric GUT relation and we
treat them as independent free parameters.
4.4.1 Bounds from e+e− → νν¯γ
The Standard Model process e+e− → νν¯γ is measured in e+e− collisions by looking for the
presence of a photon and missing energy and momentum due to the neutrinos escaping the
detector [145,146]. As the lightest neutralino lifetime in our model is large enough that the
neutralino will escape the detector before decaying there will be an additional contribution
to this process from e+e− → χ˜01χ˜01γ. The cross section for the process e+e− → γ˜γ˜γ was
calculated in [147]. We can use this result to obtain the cross section for a purely bino
LSP by changing the relevant couplings. The cross section is shown as a function of the
centre-of-mass energy in Fig. 4.7. The expected number of events for various experiments
is given in Table 4.3 assuming a scalar fermion mass ofMf˜ = 150 GeV. We used the same
cuts on the energy and angle of the photon with respect to the beam direction as in [147].
As can be seen in Table 4.3, no limits on this process can be set by LEP as the expected
number of events in much less than one. The recent results from OPAL give 138 observed
events, against the Standard Model expectation of 141.1 ± 1.1 events from e+e− → νν¯γ
and the non-physics background of 2.3± 1.1 events. There is no evidence for any excess
given the statistical error of ±11.9 events on the background. As the lightest neutralino
in our model does not couple to the Z boson, the background at
√
sˆ = MZ is too large to
see a signal.
Given the high luminosities at the B-factories KEK-B and BaBar a few events may
be expected. The Standard Model cross section at this energy is 2.3 fb, corresponding
to 230 ± 15 events at KEK-B and 70 ± 8 events at BaBar5, where the quoted errors are
statistical. The statistical uncertainty on the Standard Model rate still exceeds the signal
rate and hence we do not expect any sensitivity to a light neutralino.
At the NLC we expect a substantially higher number of events. The Standard Model
cross section for the same cuts is about 0.35 pb for three neutrinos [148] corresponding to
1.1 × 105 events, with a small relative statistical error of 330 events. This can therefore
5This corresponds to one year of running based on the luminosities given in [22].
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Experiment Integrated Energy Cross section (fb) Number of events
luminosity (pb−1)
LEP 6.65 130 5.87 0.04
5.96 136 6.14 0.04
9.89 161 7.11 0.07
10.28 172 7.44 0.08
54.5 183 7.72 0.42
75.0 200 8.05 0.60
KEK-B 1× 105 10.5 6.74× 10−2 6.7
BaBar 3× 104 10.5 6.74× 10−2 2.0
NLC 3× 105 500 6.19 1857
Table 4.3: Cross sections for the production of χ˜01χ˜
0
1γ at e
+e− colliders for (an assumed degen-
erate) sfermion mass Mf˜ = 150 GeV and general expectations of the integrated luminosity.
provide a test of our model as the expected number of events from e+e− → χ˜01χ˜01γ is more
than a 5σ fluctuation of the background.
4.4.2 Bounds from the Invisible Z Width
In our model, as Mχ˜01 ≪ MZ/2, the decay Z0 → χ˜01χ˜01 is kinematically accessible. Due to
its small mass with respect toMZ the neutralino can be considered effectively massless like
a neutrino. The lifetime of the lightest neutralino in our model is such that it will decay
outside the detector, and therefore the process Z0 → χ˜01χ˜01 contributes to the invisible Z
width. The current measurement of the invisible Z width can be expressed as a number
of light neutrino species [22],6
Nν = 3.00± 0.08. (4.38)
We must therefore require that Γ(Z0 → χ˜01χ˜01) < 0.08Γ(Z0 → νν¯). A purely bino neu-
tralino does not couple to the Z at tree level. The dominant contribution to the decay
Z0 → χ˜01χ˜01 comes from the higgsino admixtures of the neutralino, N13 and N14, in the
notation of [18]. This enters with the fourth power in the decay rate Z0 → χ˜01χ˜01. The
ratio of the neutralino to neutrino partial widths is
Γ(Z→ χ˜01χ˜01)
Γ(Z→ νν¯) =
(|N14|2 − |N13|2)2, (4.39)
giving the constraint ∣∣|N14|2 − |N13|2∣∣1/2 < 0.53 ≈ (0.08)1/4. (4.40)
6There has been a recent improvement [149] in this result, Nν = 2.9835 ± 0.0083. This new result
disagrees with the Standard Model at the 2σ-level and hence we must take the upper limit to be 3σ above
the central value.
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Figure 4.7: Cross section for the production of a purely bino neutralino with mass 33.9MeV
through e+e− → χ˜01χ˜01γ.
We shall show below that it is straightforward to find regions which satisfy this in
(M1,M2, µ, tanβ) parameter space.
7
4.4.3 Solutions in the MSSM Parameter Space
It is important to establish whether it is possible to have a lightest neutralino with
Mχ˜01 = 33.9 MeV within the MSSM. We have therefore scanned the MSSM parameter
space with independent M1, M2, for a neutralino in the mass range
33.89 MeV < Mχ˜01 < 33.91 MeV. (4.41)
This gives the neutralino iso-mass curves shown in Fig. 4.8 for µ = 300 GeV and two
representative values of tan β. We have not been able to find any solutions for µ < 0 GeV.
Some fine-tuning is necessary in order to obtain these solutions. This should not be
surprising given the requirement of reproducing the lightest neutralino mass needed to
solve the KARMEN anomaly. This fine-tuning is a few parts in 103 for tanβ = 1 and a
7As these solutions contain . 15% higgsino admixture they also satisfy the bound∣∣|N14|2 − |N13|2∣∣1/2 < 0.30 from the improved results of [149].
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Figure 4.8: Solutions in (M1,M2, µ, tan β) parameter space giving aMχ˜01 = 33.9MeV neutralino
for µ = 300 GeV and 2 representative values of tan β. The width of the lines is 0.01MeV. Below
the hashed lines the chargino mass is less than 150 GeV. The dotted lines have ∆ρSUSY < 10
−4
and the solid lines have ∆ρSUSY < 5× 10−4.
few parts in 102 for tanβ = 8 [150]. The fine-tuning is reduced for larger M2 and µ and
small M1 because a light neutralino can then be generated by the see-saw mechanism. It
is also reduced for large values of tanβ because in the limit β = π/2 there is a zero mass
eigenvalue for M1 ≈ 0 [150].
We have checked that the higgsino contribution always satisfies the bound in Eqn. 4.40.
In order to avoid an observable light chargino we require that Mχ˜± > 150 GeV, which
eliminates the region below the hashed lines in Fig. 4.8 for the specified values of tan β.
The lightest neutralino is dominantly bino along the solution curves given in Fig. 4.8.
The next-to-lightest neutralino, χ˜02, is dominantly wino for M2 < 300 GeV, but for larger
values it is mainly higgsino. ForM2 & 110 GeV,Mχ˜02 & 100 GeV, and forM2 & 235 GeV,
Mχ˜02 & 200 GeV.
4.4.4 Limits from Precision Electroweak Measurements
We would expect the addition of a new light particle to affect the results of the precision
electroweak measurements made by the LEP collaborations. We can look at this by
calculating the contributions in loop diagrams of the gauginos. To do this we will need
to calculate the gaugino loop diagrams in the photon, W and Z propagators, and in the
photon–Z mixing. In general we can write the results of these loop diagrams as
= iΠµνIJ (q).
µ ν
I J
(4.42)
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Due to the tensor structure of the diagram this can be written as
ΠµνIJ = ΠIJ(q
2)gµν −∆(q2)qµqν . (4.43)
We use the conventions of [11, 151] and, as was done there, neglect the terms propor-
tional to qµqν in the W and Z propagators. This is valid as we will only be considering
processes with light fermions as the external particles and these terms are suppressed by
a factor m2f/M
2
Z with respect to the g
µν terms after contraction with the external fermion
current, where mf is the fermion mass.
We will therefore consider the loops in the propagators shown in Fig. 4.9. We have
calculated these and obtain
ΠZZ(q) = − g
2
16π2 cos2 θW
4∑
i=1
4∑
j=1
2Re{O′′LijO′′Rij}M2χ˜0iM2χ˜0j (E − b0(χ˜0i χ˜0jq))
+
(
|O′′Lij |2 + |O′′Rij |2
)
q2
3
−
M2
χ˜0i
2
−
M2
χ˜0j
2
E − 2q2b2(χ˜0i χ˜0jq)
+M2χ˜0i
b0(χ˜
0
i χ˜
0
jq) + (M
2
χ˜0j
−M2χ˜0i )b1(χ˜
0
i χ˜
0
jq)


− g
2
8π2 cos2 θW
2∑
i=1
2∑
j=1
2Re{O′LijO′Rij}M2χ˜+i M2χ˜−j (E − b0(χ˜0i χ˜0jq))
+
(
|O′Lij|2 + |O′Rij |2
)
q2
3
−
M2
χ˜+i
2
−
M2
χ˜−j
2
E − 2q2b2(χ˜+i χ˜−j q)
+M2
χ˜+i
b0(χ˜
+
i χ˜
−
j q) + (M
2
χ˜−j
−M2
χ˜+i
)b1(χ˜
+
i χ˜
−
j q)

, (4.44a)
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Z Z
χ˜0i
χ˜0j
Z Z
χ˜+i
χ˜−j
(a) Neutralino and chargino loops in the Z propagator.
W+ W+
χ˜0i
χ˜+j
(b) Chargino-neutralino loop in the W propagator.
γ γ
χ˜+i
χ˜−i
(c) Chargino loop in the photon propagator.
Z γ
χ˜+i
χ˜−i
(d) Chargino loop in photon–Z mixing.
Figure 4.9: Gaugino loops in the gauge boson propagators.
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ΠWW(q) = − g
2
8π2
4∑
i=1
2∑
j=1
2Re{OLijORij}M2χ˜0iM2χ˜+j (E − b0(χ˜0i χ˜+j q))
+
(|OLij|2 + |ORij|2)

q2
3
−
M2
χ˜0i
2
−
M2
χ˜+j
2
E − 2q2b2(χ˜0i χ˜+j q)
+M2χ˜0i
b0(χ˜
0
i χ˜
+
j q) + (M
2
χ˜+j
−M2χ˜0i )b1(χ˜
0
i χ˜
+
j q)

, (4.44b)
Πγγ(q) = − e
2
2π2
2∑
i=1
[
q2
6
E − q2b2(χ˜+i χ˜−i q)
]
, (4.44c)
ΠZγ(q) =
ge
4π2 cos θW
2∑
i=1
(
O′Lij +O
′R
ij
)[q2
6
E − q2b2(χ˜+i χ˜−i q)
]
. (4.44d)
The coefficients OL,Rij , O
′L,R
ij and O
′′L,R
ij in the loop diagrams are taken from [18]. We
have used the same notation as [11] for the functions in the loop calculations, i.e.
E =
2
ǫ
− γE + log(4π)− log(M2), (4.45a)
∆(m21, m
2
2, q
2) = xm22 + (1− x)m21 − x(1− x)q2, (4.45b)
b0(12q) = b0(m
2
1, m
2
2, q
2) =
∫ 1
0
dx log
(
∆(m21, m
2
2, q
2)
M2
)
, (4.45c)
b1(12q) = b1(m
2
1, m
2
2, q
2) =
∫ 1
0
dxx log
(
∆(m21, m
2
2, q
2)
M2
)
, (4.45d)
b2(12q) = b2(m
2
1, m
2
2, q
2) =
∫ 1
0
dxx(1− x) log
(
∆(m21, m
2
2, q
2)
M2
)
, (4.45e)
where the calculation has been performed in d = 4− ǫ dimensions.
The effect of new physics from these vacuum polarization diagrams is usually pa-
rameterized using either the S, T , and U parameters of [151–153] or the ǫ1, ǫ2, and ǫ3
parameters of [154]. The calculation of these parameters is based on an expansion in
q2/M2new, where q
2 is the momentum flow through the gauge boson propagator, typically
M2Z or smaller and M
2
new is the scale of the new physics, which is assumed to be well
above M2Z. If, however, there are new light particles in the spectrum, as is the case
in our model, these approximations are insufficient and in principle the box and vertex
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corrections must also be calculated [155].
This full calculation is beyond the scope of our analysis. There is one exception to this
which is the ratio of the charged to neutral current neutrino–electron/muon scattering
events, the ρ parameter. This is defined at q2 = 0 and hence the expansion is trivial.
We have calculated the correction to the ρ parameter from the full set of chargino and
neutralino diagrams. The radiative correction to the ρ parameter is given by [22]
∆ρ =
ΠWW(0)
M2W
− ΠZZ(0)
M2Z
. (4.46)
The dominant Standard Model contributions to ∆ρ are from top quark and Higgs boson
loops. These contributions can be subtracted, assumingMH =MZ, from the experimental
results giving the contribution from new physics
∆ρNEW = (−1.3± 1.2)× 10−3. (4.47)
This gives the following limit on the contribution to ∆ρ from new physics at the 2σ level
−3.7× 10−3 < ∆ρNEW < 1.1× 10−3. (4.48)
It is interesting to consider the effect on this limit of varying the Standard Model Higgs.
The following result is for MH = 300 GeV:
−4.6× 10−3 < ∆ρNEW < 0.2× 10−3, (4.49)
although it should be noted that this is a larger value of the Higgs mass than is possible in
the MSSM. We have calculated the contribution to ∆ρ from the chargino and neutralino
loops in Fig. 4.9, using the results given in Eqn. 4.44. We denote this contribution to the
ρ parameter by ∆ρSUSY. We then determine ∆ρSUSY along the solution curves given in
Fig. 4.8. The dotted lines indicate solutions for which ∆ρSUSY < 10
−4, while the solid
lines indicate solutions for which ∆ρSUSY < 5× 10−4. This shows that there is no conflict
with the experimental constraint on the ρ parameter, for MH = MZ. There may be
some constraints on this model for higher values of the Higgs mass although even for
Higgs masses above those which are possible in the MSSM there are still areas of SUSY
parameter space in which the lightest neutralino mass can solve the KARMEN anomaly.
It is possible to derive bounds on the existence and properties of an additional light
particle in the mass spectrum on cosmological grounds and from astrophysical processes.
The potential bounds on our model are discussed in [8].
4.5 Future Tests
Experimentally our model looks very much like the MSSM with non-universal gaugino
masses and a very light LSP. Hence most future tests of the MSSM will also apply to our
model. A specific test would be to identify the existence of a very light neutralino in, for
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Figure 4.10: Cross sections for e+e− → χ˜02χ˜01 for the solutions in Fig. 4.8. The solid lines
correspond to 0.1 pb < σ < 1 pb, the dashed lines to 10 fb < σ < 0.1 pb, the dotted lines to
1 fb < σ < 10 fb, and the dot-dashed lines to σ < 1 fb.
example, neutralino pair production in e+e− collisions via,
e+e− −→ χ˜02χ˜01, (4.50)
followed by a visible decay of the second-to-lightest neutralino. The cross section for this
process is shown in Fig. 4.10 along our MSSM solution curves from Fig. 4.8 for both LEP2
(
√
s = 200 GeV) and the NLC (
√
s = 500 GeV). This process should be observable
provided that it is kinematically accessible, i.e.
√
s > Mχ˜02 .
As the neutralino is sufficiently long lived in our model that it will escape the detector
before decaying the main difference between our model and the MSSM with non-universal
gaugino masses is the possibility of resonant sparticle production. As we saw in Chap-
ter 3, the value of the coupling λ′211 . 10−4 is too small for the observation of resonant
slepton production in hadron–hadron collisions. However the values of the couplings
λ131 (or λ121) > 10
−3 should allow a test of resonant sneutrino production in e+e− colli-
sions provided Mν˜ .
√
s. The production of first generation sleptons can also be tested
by the processes suggested in [56].
A further upgrade of the KARMEN detector may allow better resolution of the decay
of the X particle. In particular there may be tracking so that the angular distribution
of the decay products can be measured. We therefore show the differential decay rate of
the neutralino in our model as a function of the angle between the electron and positron
produced in the neutralino decay in the KARMEN laboratory frame, Fig. 4.11. This
differs from the corresponding singlet neutrino decay distribution.
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Figure 4.11: dΓdθee in the KARMEN laboratory frame.
4.6 Summary
There have been many reported experimental deviations from the Standard Model in
recent years. Indeed most of these deviations have had much the same statistical sig-
nificance as the KARMEN time anomaly. However while the statistical significance of
most of the deviations has reduced with increased statistics, or the effect has been ex-
plained away as a systematic effect, this is not the case for the KARMEN anomaly. In
fact the anomaly persists in the second run of the KARMEN experiment, which has a
much reduced background [123], with the same characteristics as in the initial run of the
experiment [121].
An additional problem in the resolution of this anomaly is that there is no indepen-
dent experiment with the sensitivity to either confirm or exclude the KARMEN result.
Although the LSND experiment also studies the decay of pions and muons at rest, it lacks
the time structure of the beam in the KARMEN experiment, which is necessary to extract
the anomaly. Since the second run of the KARMEN experiment only collects about ten
anomaly events per year, a definitive resolution of the anomaly will require an upgraded
detector with improved tracking capabilities.
The different phenomenological models which have been proposed to explain the
KARMEN results via the production and decay of a new particle are tightly constrained.
The only viable proposals at present are the production of a singlet neutrino which decays
through its large mixing with the tau neutrino [125,133], the brane-world model of [128] or
model with a neutralino decaying via 6Rp [127] which we have extended and investigated
here.
It is important to note from our study that a light neutralino is only excluded by
present day collider experiments if we assume a GUT relation between the SUSY-breaking
masses for the gauginos.
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Chapter 5
Conclusions
Despite the lack of any experimental evidence there are many compelling theoretical
arguments for the existence of supersymmetry. In this thesis we have argued that if we
are to discover whether or not supersymmetry is realized in nature we cannot simply
consider the simplest possible supersymmetric extension of the Standard Model. Indeed
this simplest extension is no better motivated than the R-parity violating models we have
considered. In these models lepton or baryon number is violated which leads to very
different experimental signatures of supersymmetry which must be investigated if we are
to explore all possible channels for the discovery of supersymmetry.
There has however been much less study of these models, particularly experimentally,
than of the Rp conserving MSSM. In hadron–hadron collisions studies of these models have
been hindered by the lack of a Monte Carlo simulation which includes the 6Rp production
processes and decays. We have presented the calculations necessary to produce a full sim-
ulation of these 6Rp processes including colour coherence effects via the angular-ordering
procedure. This sees a new type of vertex in which three particles in the fundamental
representation of SU(3) interact at a vertex which violates baryon number. The inclusion
of these colour coherence effects has proven to be important for an accurate simulation of
the QCD radiation in Standard Model processes at previous experiments and we there-
fore must include it to give a reliable simulation of these 6Rp processes. The simulation
we produced using these results has already allowed a full simulation of baryon number
violating processes at the LHC for the first time [103].
Our studies of the colour coherence properties of different resonant 6Rp production
processes in hadron–hadron collisions show differences for variables which are sensitive
to the colour coherence phenomenon. In particular there are differences between reso-
nant slepton production, which violates lepton number, and resonant squark production,
which violates baryon number. We have used this simulation to show that the extrac-
tion of a signal for resonant slepton production via the 6Rp decay modes of the slepton
is much harder than was previously believed due to the emission of QCD radiation. The
differences in the distributions of those variables which are sensitive to the presence of
colour connections between the initial and final states for these processes and QCD jet
production allow us to improve the extraction of a resonant slepton signal by imposing
cuts on these variables. However the discovery of resonant slepton production via these
6Rp decay modes is still only possible for the largest values of the couplings allowed, given
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the current low-energy limits.
We therefore studied the discovery potential of the supersymmetric gauge decay modes
of resonantly produced sleptons. These decay modes give a number of different channels
for the production of like-sign dilepton pairs, which has a very low Standard Model back-
ground. This like-sign dilepton signature is dominated by the production of a neutralino,
which decays via 6Rp, and a lepton in the supersymmetric gauge decay of a resonant
charged slepton. We studied the cuts needed to reduce both the Standard Model back-
ground and the background from sparticle pair production and improve the extraction of a
signal. This gives a large discovery potential for resonant slepton production mechanisms,
at both the Tevatron and the LHC, and allows us to probe much smaller values of the
6Rp Yukawa couplings than is possible using the 6Rp decay modes of the resonant sleptons.
We also showed that if such a signal is discovered it should be possible to measure the
mass of both the resonant slepton and the lightest neutralino.
Finally, we considered the possibility that we have already seen evidence for the ex-
istence of 6Rp in the time anomaly reported by the KARMEN collaboration. We have
shown that this anomaly could be due to the production via 6Rp of the lightest neutralino
in charged pion decays. This neutralino could then decay, via 6Rp, inside the KARMEN
detector giving rise to the observed excess. Surprisingly the existence of this light neu-
tralino, decaying via 6Rp, is not ruled out by any current experimental data. Hopefully a
future run of the KARMEN experiment will both improve the statistical significance of
this excess and give us further insights into the physics which is producing it. This model
can be tested by looking for the production of χ˜01χ˜
0
2 at LEP, or any future e
+e− collider.
In conclusion we have produced the first full simulation of 6Rp violating supersymmetry
and have used this simulation to study some possible channels for the discovery of 6Rp
processes. There are many processes which still needed to be examined. Hopefully this
work will allow a more detailed study of these processes, particularly by the experimental
community, in the future.
Addendum
While I was in the final stages of preparing this thesis new results [156] were announced
by the KARMEN collaboration at the Neutrino 2000 conference. These results show that
the results of the KARMEN2 experiment no longer confirm the anomaly seen in the
KARMEN1 data. However there is still an anomaly for the combined KARMEN1+2
data set. Given this result the planned experiment to investigate the anomaly has been
cancelled.
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Appendix A
Feynman Rules and Conventions
A.1 Introduction
There are a number of different conventions which are commonly adopted in the literature
for the MSSM Lagrangian. While most authors have chosen to follow the conventions used
in [18, 24] other conventions, for example [157], are also commonly used. We will present
the conventions we have used in this thesis, which in general follow those of [18, 24].
We then present the Feynman rules used in the various decay rate and cross-section
calculations.
We will first present our conventions for the mixing matrices for the charginos, neu-
tralinos and sfermions, together with the conversion between the conventions of [18, 24]
and [157]. We then give the Feynman rules we have used from [18, 24] with the inclusion
of left/right sfermion mixing. In particular we give the Feynman rules for the interactions
of squarks and sleptons with the gauginos, gluinos, electroweak gauge bosons and Higgs
bosons of the MSSM.
We conclude by giving the Feynman rules for the R-parity violating superpotential.
These Feynman rules are then used in Appendix B to evaluate the decay rates of the
sparticles via the different 6Rp operators and in Appendix C to calculate the single sparticle
production cross sections.
A.2 Mixing
All of the cross-section and decay rate calculations presented in this thesis have been
implemented in the HERWIG Monte Carlo event generator [2]. While internally HERWIG
uses the conventions of [18, 24, 158], it relies on ISAJET [75] for the calculation of the
masses of the sparticles and their Rp conserving decay rates. ISAJET also calculates
the mixing matrices for the electroweak gauginos and scalar fermions. ISAJET uses the
conventions of [157,159] and it is essential that the conversion between the two formalisms
is correct.
The major problem arises in the conventions for the various mixing matrices, for the
charginos and neutralinos, and the left/right mixing of the scalar fermions. We will first
consider the conversion between the two formalisms for the gauginos and then for the
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left/right sfermion mixing. The ISAJET [157] and Haber and Kane [18] conventions for
the sign of the µ and A terms are the same.1 This corresponds to the following
2m1 = −µ, (A.1a)
µ1 = −M1, (A.1b)
µ2 = −M2, (A.1c)
where m1, µ1 and µ2 are in the notation of ISAJET [157] and µ, M1 and M2 are in
the notation2 of [18, 24]. Here µ is the mixing parameter in the MSSM superpotential,
Eqn. 1.62, for the two Higgs doublets, M1 is the soft SUSY-breaking mass for the bino
and M2 is the soft SUSY-breaking mass for the winos.
We can compare the Lagrangians of [157] and [18,24] to obtain the conversions between
them. We shall use the conventions of [18, 24] for the chargino and neutralino mixing
matrices.
A.2.1 Charginos
In the notation of [24], we define the following two-component spinors for the charginos
before mixing
ψ+j =
(−iλ+, ψ+H2), (A.2a)
ψ−j =
(−iλ−, ψ−H1), (A.2b)
where λ+,− are the charged winos, ψ−H1 is the charged higgsino associated with the Higgs
which gives mass to the down-type quarks and ψ+H2 is the charged higgsino associated with
the Higgs doublet which gives the up-type quarks mass. The mass term in the Lagrangian
from Eqn.A.2 of [24] is
Lchargino = −1
2
(
ψ+, ψ−
)( 0 XT
X 0
)(
ψ+
ψ−
)
+ h.c., (A.3)
where the mass matrix is given by
X =
(
M2 MW
√
2 sin β
MW
√
2 cos β µ
)
. (A.4)
In [24] this was diagonalized in two-component notation by defining two-component mass
eigenstates
χ+i = Vijψ
+
j , (A.5a)
χ−i = Uijψ
−
j , (A.5b)
1This also agrees with the conventions of the other major SUSY event generators, SPYTHIA [99] and
SUSYGEN [100].
2In [18, 24], M ′ and M are used instead of M1 and M2, respectively. However the notation M1 and
M2 has become more common and we will use this here.
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where U and V are unitary matrices chosen such that
U∗XV −1 =MD, (A.6)
where MD is the diagonal chargino mass matrix. The four-component mass eigenstates,
the charginos, are defined in terms of the two-component fields
χ˜+1 =
(
χ+1
χ¯−1
)
, χ˜+2 =
(
χ+2
χ¯−2
)
. (A.7)
We need to express the chargino mass terms in the Lagrangian in a four-component
notation so we can compare this Lagrangian with the conventions of [157]. We define the
four-component spinors as in [24],
W˜ =
( −iλ+
iλ¯−
)
, H˜ =
(
ψ+H2
ψ¯−H1
)
. (A.8)
Using this notation we can express the Lagrangian in four-component notation
Lchargino = −
(
W˜ , H˜
) [
XPL +X
TPR
]( W˜
H˜
)
. (A.9)
This is now in a similar form to the chargino mass term in Eqn. 2.13 of [157],
Lchargino = −
(
λ¯, χ¯
) [
MchargePL +M
T
chargePR
]( λ
χ
)
, (A.10)
where
Mcharge =
(
µ2 −gv′
−gv 2m1
)
= −
(
M2
√
2MW cos β√
2MW sin β µ
)
, (A.11)
where v and v′ are the vacuum expectation values for the Higgs fields which give mass to
the up- and down-type quarks, respectively. We now come to the problem in comparing
the notations of [24] and [157]. The wino and higgsino fields of [157] are charge conjugates
of those used in [24], so the following transformation is required
W˜ = λc, (A.12a)
H˜ = χc. (A.12b)
This gives the chargino mass matrix in the form
Lchargino =
(
W˜ , H˜
) [
M ′chargePL +M
′T
chargePR
](
W˜
H˜
)
, (A.13)
3This Lagrangian is taken from [160] which corrected a sign error in the off-diagonal terms in [157].
Appendix A. Feynman Rules and Conventions 154
where
M ′charge =
( −µ2 gv
gv′ −2m1
)
=
(
M2
√
2MW sin β√
2MW cos β µ
)
. (A.14)
This agrees with Eqn.A.9, apart from the overall sign. We need to express the fields in
terms of the ISAJET mixing matrices. The ISAJET mixing matrices are [157], Eqns. 2.10
and 2.11, (
W˜+
W˜−
)
L
=
(
θx cos γL −θx sin γL
sin γL cos γL
)(
λ
χ
)
L
, (A.15a)(
(−1)θ+W˜+
(−1)θ−W˜−
)
R
=
(
θy cos γR −θy sin γR
sin γR cos γR
)(
λ
χ
)
R
, (A.15b)
where the mixing angles γL and γR, and the sign functions θx, θy, θ+, and θ− are defined
in [157].
We can transform these equations into the notation of Haber and Kane with the
identification
χ˜1 = W˜
c
−, (A.16a)
χ˜2 = W˜
c
+. (A.16b)
This gives
PL
(
W˜
H˜
)
= PL
( − sin γR −θy cos γR
− cos γR θy sin γR
)(
(−1)θ−χ˜1
(−1)θ+χ˜2
)
, (A.17a)
PR
(
W˜
H˜
)
= PR
( − sin γL −θx cos γL
− cos γL θx sin γL
)(
χ˜1
χ˜2
)
. (A.17b)
These mixing matrices are now in a form that allows us to compare them with the
notation of [24], Eqn.A.13,
PL
(
W˜
H˜
)
= PL
(
V ∗11 V
∗
21
V ∗12 V
∗
22
)(
χ˜1
χ˜2
)
, (A.18a)
PR
(
W˜
H˜
)
= PR
(
U11 U21
U12 U22
)(
χ˜1
χ˜2
)
. (A.18b)
By comparing Eqns.A.17 and A.18 we can obtain the mixing matrices in the notation
of [24]
U =
( − sin γL − cos γL
−θx cos γL θx sin γL
)
, (A.19a)
V =
( − sin γR(−1)θ− − cos γR(−1)θ+
−θy cos γR(−1)θ− θy sin γR(−1)θ+
)
. (A.19b)
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It should be noted that we adopt the opposite sign convention for the chargino masses
due to the sign differences in the two Lagrangians.
A.2.2 Neutralinos
We define a two-component fermion field for the neutralinos before mixing
ψ0j =
(−iλ′,−iλ3, ψ0H1, ψ0H2) , (A.20)
where λ′ is the bino, λ3 is the neutral wino, ψ0H1 is the higgsino for the Higgs giving mass
to the down-type quarks and ψ0H2 is the higgsino for the Higgs giving mass to the up-type
quarks. The Lagrangian for the neutralino masses from Eqn.A.18 of [24] is
Lneutralino = −1
2
(
ψ0
)T
Y ψ0 + h.c., (A.21)
where
Y =

M1 0 −MZ sin θW cos β MZ sin θW sin β
0 M2 MZ cos θW cos β −MZ cos θW sin β
−MZ sin θW cos β MZ cos θW cos β 0 −µ
MZ sin θW sin β −MZ cos θW sin β −µ 0
.
(A.22)
In [24] the Lagrangian was diagonalized in this two-component notation to give the mass
eigenstates. The diagonalization was performed by defining two-component fields
χ0i = Nijψ
0
j , i, j = 1, . . . , 4, (A.23)
where N is a unitary matrix satisfying N∗ Y N−1 = ND, and ND is the diagonal neutralino
mass matrix. The four-component mass eigenstates, the neutralinos, can be defined in
terms of the two-component fields, i.e.
χ˜0i =
(
χ0i
χ¯0i
)
. (A.24)
Rather than adopting this approach we need to express the neutralino mass terms in
four-component notation before performing the diagonalization in order to compare this
Lagrangian with that of [157]. We use the standard procedure of [24] to express this in
four-component notation by defining four-component Majorana fields
B˜ =
( −iλ′
iλ¯′
)
, W˜3 =
( −iλ3
iλ¯3
)
, H˜1 =
(
ψ0H1
ψ¯0H1
)
, H˜2 =
(
ψ0H2
ψ¯0H2
)
, (A.25)
where B˜ is the bino field, W˜3 is the neutral wino field, H˜1 is the field for the higgsino
associated with the Higgs boson which gives mass to the down-type quarks and H˜2 is the
field for the higgsino associated with the Higgs boson which gives mass to the up-type
quarks.
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This gives the Lagrangian in four-component notation
Lneutralino = −1
2
(
B˜, W˜ 3, H˜1, H˜2
)
[Y PL + Y PR]

B˜
W˜3
H˜1
H˜2
. (A.26)
We can now compare this with the relevant Lagrangian, in four-component notation, given
in [157]. This Lagrangian is from [157], Eqn. 2.2,4
Lneutralino = −1
2
(
h¯0, h¯
′0, λ¯3, λ¯0
)
[MneutralPL +MneutralPR]

h0
h′0
λ3
λ0
, (A.27)
where h0 is the higgsino partner of the Higgs which gives mass to the up-type quarks, h′0
is the higgsino partner of the Higgs which gives mass to the down-type quarks, λ3 is the
neutral wino, λ0 is the bino and the mass matrix is given by
Mneutral =

0 −2m1 − 1√2gv 1√2g′v
−2m1 0 1√2gv′ − 1√2g′v′
− 1√
2
gv 1√
2
gv′ µ2 0
1√
2
g′v − 1√
2
g′v′ 0 µ1
. (A.28)
It is easier to compare this with Eqn.A.26 after reordering the entries and reexpressing
it in terms of MZ, β and θW . This gives
Lneutralino = 1
2
(
λ¯0, λ¯3, h¯
′0, h¯0
)
[M ′neutralPL +M
′
neutralPR]

λ0
λ3
h′0
h0
, (A.29)
where
M ′neutral =

M1 0 MZ sin θW cos β −MZ sin θW sin β
0 M2 −MZ cos θW cos β MZ cos θW sin β
MZ sin θW cos β −MZ cos θW cos β 0 −µ
−MZ sin θW sin β MZ cos θW sin β −µ 0
.
(A.30)
This equation then agrees with Eqn.A.26 up to an overall sign provided we make the
4This Lagrangian is taken from [160] which corrects a sign error in [157].
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following identification
B˜ = λ0, (A.31a)
W˜3 = λ3, (A.31b)
H˜1 = −h′0, (A.31c)
H˜2 = −h0. (A.31d)
The convention from ISAJET for the mixing taken from Eqn. 2.12 of [157] is
(−iγ5)θ1 Z˜1
(−iγ5)θ2 Z˜2
(−iγ5)θ3 Z˜3
(−iγ5)θ4 Z˜4
 =

v
(1)
1 v
(1)
2 v
(1)
3 v
(1)
4
v
(2)
1 v
(2)
2 v
(2)
3 v
(2)
4
v
(3)
1 v
(3)
2 v
(3)
3 v
(3)
4
v
(4)
1 v
(4)
2 v
(4)
3 v
(4)
4


h0
h′0
λ3
λ0
, (A.32)
where Z˜i are the mass eigenstates obtained by diagonalizing the mass matrix given in
Eqn.A.28, v
(i)
j are the elements of the mixing matrix and θi is zero (one) if the mass of
Z˜i is positive (negative).
After reordering we get
(−iγ5)θ1 Z˜1
(−iγ5)θ2 Z˜2
(−iγ5)θ3 Z˜3
(−iγ5)θ4 Z˜4
 =

v
(1)
4 v
(1)
3 −v(1)2 −v(1)1
v
(2)
4 v
(2)
3 −v(2)2 −v(2)1
v
(3)
4 v
(3)
3 −v(3)2 −v(3)1
v
(4)
4 v
(4)
3 −v(4)2 −v(4)1


B˜
W˜
H˜1
H˜2
. (A.33)
We can therefore obtain the mixing matrix in the notation of [24] by making the identi-
fication
Ni1 = v
(i)
4 , (A.34a)
Ni2 = v
(i)
3 , (A.34b)
Ni3 = −v(i)2 , (A.34c)
Ni4 = −v(i)1 . (A.34d)
Again we need to adopt the opposite sign convention for the neutralino masses.
A.2.3 Left/Right Sfermion Mixing
In addition to the mixing of the neutralinos and charginos we also need to consider
the left/right mixing of the sfermions. In general as the off-diagonal terms in the mass
matrices are proportional to the fermion mass these effects are only important for the third
generation sfermions, i.e. stop, sbottom and stau. As the top mass is much larger than
any of the other Standard Model fermion masses these effects are particularly important
for the top squarks.
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The following mass matrix for the top squarks uses the conventions of [24]5 and is
taken from Eqn. 4.17 of [24],
M2t˜ =
(
M2
Q˜
+M2Z cos 2β
(
1
2
− 2
3
sin2 θW
)
+m2t mt (At − µ cotβ)
mt (At − µ cotβ) M2U˜ + 23m2Z cos 2β sin2 θW +m2t
)
,
(A.35)
where MQ˜ and MU˜ are soft SUSY-breaking masses for the left and right top squarks,
respectively. At is the trilinear soft SUSY-breaking term for the interaction of the left
and right stop squarks with the Higgs boson. This compares with the ISAJET matrix
from [159]
M2t˜ =
(
M2
t˜L
+M2Z cos 2β
(
1
2
− 2
3
sin2 θW
)
+m2t −mt (At − µ cotβ)
−mt (At − µ cotβ) M2t˜R +
2
3
m2Z cos 2β sin
2 θW +m
2
t
)
,
(A.36)
where M2
t˜L
= M2
Q˜
and M2
t˜R
= M2
U˜
. There is a difference in the sign of the off-diagonal
terms. This means that, as the sign convention for the µ and A terms are the same, there
is a difference in the relative phases of the two fields in the different conventions. Hence
we should apply the following change in the ISAJET output
θt −→ −θt, (A.37)
i.e. change the sign of the stop mixing angle. The same argument also applies to the
sbottom and stau mixing angles.
We adopt the following convention for the sfermion mixing matrices(
q˜iL
q˜iR
)
=
(
cos θiq sin θ
i
q
− sin θiq sin θiq
)(
q˜i1
q˜i2
)
, (A.38)
where q˜iL and q˜iR are the left and right squark fields, for the ith quark, where i is u, d, s,
c, b, and t. q˜i1 and q˜i2 are the squark fields for the mass eigenstates, for the quark i, and
θiq is the mixing angle obtained by diagonalizing the mass matrix. We denote the mixing
matrix above as Qiαβ where i is the quark, β is the mass eigenstate and α is the left/right
eigenstate.
Similarly we denote the lepton mixing as above with the matrix Liαβ where i is e
−,
νe, µ
−, νµ, τ− and ντ , β is the mass eigenstate and α is the left/right eigenstate. As
we do not include the right-handed neutrino we will neglect the left/right mixing for the
sneutrinos.
A.3 Gaugino Interactions with the Sfermions
The Lagrangians for the interactions of the electroweak gauginos with the sfermions and
fermions are derived in [24] without left/right mixing of the sfermions. We will therefore
5 This is the same as [161], SPYTHIA [99] and SUSYGEN [100].
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ui
χ˜+j
d˜iα
−ig
2
[
a(d˜iα)(1− γ5) + b(d˜iα)(1 + γ5)
]
diχ˜+j
u˜iα
−ig
2
[
a(u˜iα)(1− γ5) + b(u˜iα)(1 + γ5)
]
C
Figure A.1: Feynman rules for qq˜χ˜+.
νi
χ˜+j
ℓ˜iα
−ig
2
b(ℓ˜iα)(1 + γ5)
ℓ−iχ˜+j
ν˜i
−ig
2
[
a(ν˜i)(1− γ5) + b(ν˜i)(1 + γ5)
]
C
Figure A.2: Feynman rules for ℓℓ˜χ˜+.
take the results for the Lagrangians in the left/right sfermion basis and transform them
into the mass basis we will use in the decay rate and cross-section calculations.
We will first consider the interactions of the sfermions and the charginos. The relevant
Lagrangian, without left/right sfermion mixing, is
Lqq˜χ˜+ = −g
[
u¯PRUl1χ˜
+
l d˜L + d¯PRVl1χ
c
l u˜L
]
+
gmd√
2MW cos β
[
u¯PRUl2χ˜
+
l d˜R + d¯PLU
∗
l2χ˜
c
l u˜L
]
+
gmu√
2MW sin β
[
u¯PLV
∗
l2χ˜
+
l d˜L + d¯PRVl2χ˜
c
l u˜R
]
+ h.c., (A.39)
for one generation of quarks. This is taken from [24], Eqn. 5.3. In Eqn.A.39 there is an
implied summation over the chargino mass eigenstates. If we now substitute for the left
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Coefficient Coupling Coefficient Coupling
a(ℓ˜iα) 0 b(ℓ˜iα) Ul1L
2i−1
1α − mℓiUl2L
2i−1
2α√
2MW cos β
a(ν˜i) − mℓiU
∗
l2√
2MW cos β
b(ν˜i) Vl1
a(d˜iα) −muiV
∗
l2Q
2i−1
1α√
2MW sinβ
b(d˜iα) Ul1Q
2i−1
1α − mdiUl2Q
2i−1
2α√
2MW cos β
a(u˜iα) − mdiU
∗
l2Q
2i
1α√
2MW cos β
b(u˜iα) Vl1Q
2i
1α − muiVl2Q
2i
2α√
2MW sinβ
Table A.1: Couplings for the chargino Feynman rules.
and right squark eigenstates in terms of the mass eigenstates we obtain
Lqq˜χ˜+ = −gu¯i
[(
Ul1Q
2i−1
1α −
mdiUl2Q
2i−1
2α√
2MW cos β
)
PR − muiV
∗
l2Q
2i−1
1α√
2MW sin β
PL
]
χ˜+l d˜iα
−gd¯i
[(
Vl1Q
2i
1α −
muiVl2Q
2i
2α√
2MW sin β
)
PR − mdiU
∗
l2Q
2i
1α√
2MW cos β
PL
]
χ˜cl u˜iα, (A.40)
where i is the generation of the squark and α is the mass eigenstate. In Eqn.A.40 there
is an implicit summation over the squark and chargino mass eigenstates. This leads to
the Feynman rules given in Fig.A.1, with the coefficients given in Table A.1.
The Feynman rules for the sleptons, Fig.A.2, can be obtained by changing the relevant
masses and couplings, i.e. replacing the squark mixing matrices with the slepton mixing
matrices and making the replacement
ed → −1, eu → 0, md → me, mu → 0. (A.41)
The Lagrangian for the interaction of neutralinos with squarks is given in Eqn. 5.5
of [24],
Lqq˜χ˜0 = −
√
2u¯
 gmuN∗l42MW sin βPL +
[
eeuN
′
l1 +
gN ′l2
cos θW
(
1
2
− eu sin2 θW
)]
PR
 χ˜0l u˜L
+
√
2u¯
[(
eeuN
′∗
l1 −
geu sin
2 θWN
′∗
l2
cos θW
)
PL − gmuNl4
2MW sin β
PR
]
χ˜0l u˜R
−
√
2d¯
 gmdN∗l32MW cos βPL +
[
eedN
′
l1 −
gN ′l2
cos θW
(
1
2
+ ed sin
2 θW
)]
PR
 χ˜0l d˜L
+
√
2d¯
[(
eedN
′∗
l1 −
ged sin
2 θWN
′∗
l2
cos θW
)
PL − gmdNl3
2MW cos β
PR
]
χ˜0l d˜R
+h.c., (A.42)
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Coefficient Coupling
a(d˜iα)
gmdiN
∗
l3
2MW cos β
Q2i−11α −Q2i−12α
(
eedN
′∗
l1 − ged sin
2 θWN
′∗
l2
cos θW
)
b(d˜iα)
gmdiNl3
2MW cos β
Q2i−12α +Q
2i−1
1α
(
eedN
′
l1 − gN
′
l2( 12+ed sin
2 θW )
cos θW
)
a(u˜iα)
gmuiN
∗
l4
2MW sinβ
Q2i1α −Q2i2α
(
eeuN
′∗
l1 − geu sin
2 θWN
′∗
l2
cos θW
)
b(u˜iα)
gmuiNl4
2MW sinβ
Q2i2α +Q
2i
1α
(
eeuN
′
l1 +
gN ′l2( 12−eu sin2 θW )
cos θW
)
a(ℓ˜iα)
gmℓiN
∗
l3
2MW cos β
L2i−11α + L
2i−1
2α
(
eN ′∗l1 − g sin
2 θWN
′∗
l2
cos θW
)
b(ℓ˜iα)
gmℓiNl3
2MW cos β
L2i−12α − L2i−11α
(
eN ′l1 +
gN ′l2( 12−sin2 θW )
cos θW
)
a(ν˜i) 0
b(ν˜i)
gN ′l2
2 cos θW
Table A.2: Couplings for the neutralino Feynman rules.
for one generation of squarks. Here there is an implied summation over the neutralino
mass eigenstates.
This Lagrangian can be expressed in terms of the squark mass eigenstates,
Lqq˜χ˜0 =
√
2u¯i
−
[{
eeuN
′
l1 +
gN ′l2
cos θW
(
1
2
− eu sin2 θW
)}
Q2i1α +
gmuiNl4
2MW sin β
Q2i2α
]
PR
+
[
− gmuiN
∗
l4
2MW sin β
Q2i1α +
(
eeuN
′∗
l1 −
geu sin
2 θWN
′∗
l2
cos θW
)
Q2i2α
]
PL
 χ˜0l u˜iα
+
√
2d¯i

[
− gmdiN
∗
l3
2MW cos β
Q2i−11α +
(
eedN
′∗
l1 −
ged sin
2 θWN
′∗
l2
cos θW
)
Q2i−12α
]
PL
−
[{
eedN
′
l1 −
gN ′l2
cos θW
(
1
2
+ ed sin
2 θW
)}
Q2i−11α +
gmdiNl3
2MW cos β
Q2i−12α
]
PR
 χ˜0l d˜iα
+h.c., (A.43)
where i is the generation of the squark (assuming no mixing between the generations)
and α is its mass eigenstate. Again there is an implied summation over the squark and
neutralino mass eigenstates.
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ui
χ˜0j
u˜iα
−i√
2
[
a(u˜iα)(1− γ5) + b(u˜iα)(1 + γ5)
]
diχ˜0j
d˜iα
−i√
2
[
a(d˜iα)(1− γ5) + b(d˜iα)(1 + γ5)
]
Figure A.3: Feynman rules for qq˜χ˜0.
νi
χ˜0j
ν˜i
−i√
2
b(ν˜i)(1 + γ5)
ℓiχ˜0j
ℓ˜iα
−i√
2
[
a(ℓ˜iα)(1− γ5) + b(ℓ˜iα)(1 + γ5)
]
Figure A.4: Feynman rules for ℓℓ˜χ˜0.
uc1ig˜a
u˜c2iα
−igstac1c2√
2
[
a(u˜iα)(1− γ5) + b(u˜iα)(1 + γ5)
]
dc1ig˜a
d˜c2iα
−igstac1c2√
2
[
a(d˜iα)(1− γ5) + b(d˜iα)(1 + γ5)
]
Figure A.5: Feynman rules for qq˜g˜. The colours of the gluino, quark and squark are a, c1 and
c2, respectively.
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Coefficient Coupling Coefficient Coupling
a(u˜iα) −Q2i2α b(u˜iα) Q2i1α
a(d˜iα) −Q2i−12α b(d˜iα) Q2i−11α
Table A.3: Couplings for the gluino Feynman rules.
We can obtain the Feynman rules from Eqn.A.43, which gives the Feynman rules
shown in Fig.A.3, where the couplings are given in Table A.2. The Feynman rules for
the interactions of leptons and sleptons with the neutralinos, Fig.A.4, can be obtained by
taking the Feynman rules for the squarks and replacing the relevant masses and mixings,
as in Eqn.A.41.
A.4 Gluino Interactions with the Squarks
The Lagrangian for the interaction of the gluino and the squarks in given in Eqn.C.89
of [18],
Lqq˜g˜ = −
√
2gst
a
c1c2
[¯˜gaPLq
c2 q˜c1∗L + q¯
c1PRg˜aq˜
c2
L − ¯˜gaPRqc2 q˜c1∗R − q¯c1PLg˜aq˜c2R ] , (A.44)
where for simplicity we have only considered one flavour of quark. Again we can replace
the left/right eigenstates with the mass eigenstates giving
Lqq˜g˜ = −
√
2gst
a
c1c2
[
¯˜gaPLq
c2Qi1αq˜
c1∗
iα + q¯
c1PRg˜aQ
i
1αq˜
c2
iα − ¯˜gaPRqc2Qi2αq˜c1∗iα − q¯c1PLg˜aQi2αq˜c2iα
]
(A.45)
The Feynman rules for this process are given in Fig.A.5, and the relevant couplings are
in Table A.3.
A.5 Gauge Boson Interactions with the Sfermions
and Fermions
We also need the Feynman rules for the interactions of squark–antisquark pairs with the
gauge bosons of the MSSM. The relevant Lagrangian is given in Eqn.C.66 of [18],
Lq˜q˜V = −ig√
2
[
W+µ u˜
∗
L
↔
∂µ d˜L +W
−
µ d˜
∗
L
↔
∂µ u˜L
]
− ig
cos θW
Zµ
[(
1
2
− eu sin2 θW
)
u˜∗L
↔
∂µ u˜L
−
(
1
2
+ ed sin
2 θW
)
d˜∗L
↔
∂µ d˜L − eu sin2 θW u˜∗R
↔
∂µ u˜R − ed sin2 θW d˜∗R
↔
∂µ d˜R
]
−ieAµ
[
eu
(
u˜∗L
↔
∂µ u˜L + u˜
∗
R
↔
∂µ u˜R
)
+ ed
(
d˜∗L
↔
∂µ d˜L + d˜
∗
R
↔
∂µ d˜R
)]
. (A.46)
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Squark couplings
Zαβui
1
2
(−Q2i1αQ2i1β + 2eu sin2 θW δαβ) Zαβdi 12 (Q2i−11α Q2i−11β + 2ed sin2 θW δαβ)
Slepton couplings
Zαβνi −12δα=1,β=1 Zαβℓi 12
(
L2i−11α L
2i−1
1β − 2 sin2 θW δαβ
)
Quark couplings
ZuL −14
(
1− 2eu sin2 θW
)
ZdL
1
4
(
1 + 2ed sin
2 θW
)
ZuR
1
2
eu sin
2 θW ZdR
1
2
ed sin
2 θW
Lepton couplings
ZνL −14 ZℓL 14
(
1− 2 sin2 θW
)
ZνR 0 ZℓR −12 sin2 θW
Table A.4: Couplings of squarks, sleptons, quarks and leptons to the Z0.
This can be expressed in terms of the mass eigenstates giving,
Lq˜q˜V = − ig√
2
[
Q2i1αQ
2i−1
1β W
+
µ u˜
∗
iα
↔
∂µ d˜iβ +Q
2i−1
1α Q
2i
1βW
−
µ d˜
∗
iα
↔
∂µ u˜iβ
]
− ig
cos θW
Zµ
[
−eu sin2 θW u˜∗iα
↔
∂µ u˜iα − ed sin2 θW d˜∗iα
↔
∂µ d˜iα +
1
2
Q2i1αQ
2i
1β u˜
∗
iα
↔
∂µ u˜iβ
−1
2
Q2i−11α Q
2i−1
1β d˜
∗
iα
↔
∂µ d˜iβ
]
− ieAµ
[
euu˜
∗
iα
↔
∂µ u˜iα + edd˜
∗
iα
↔
∂µ d˜iα
]
, (A.47)
where there is now an implied summation over the squark mass eigenstates. Hence we
obtain the Feynman rules in Fig.A.6, where the couplings for the Zq˜q˜∗ vertex are given
in Table A.4. The Feynman rules for the interactions of the sleptons with the gauge
bosons can be obtained by replacing the relevant couplings and are given in Fig.A.7. The
couplings for these processes are also given in Table A.4. For completeness, we include
the Lagrangian for the interactions of the quarks with the gauge bosons which is given in
Eqn.C.61 of [18],
LqqV = −g√
2
[
W+µ u¯γ
µPLd+W
−
µ d¯γ
µPLu
]
− eAµ
(
euu¯γ
µu+ edd¯γ
µd
)
− g
cos θW
Zµ
u¯γµ
[(
1
2
− eu sin2 θW
)
PL − eu sin2 θWPR
]
u
−d¯γµ
[(
1
2
+ ed sin
2 θW
)
PL + ed sin
2 θWPR
]
d
. (A.48)
The relevant Feynman rules for both the quarks and the leptons, which can be obtained
by replacing the relevant couplings, are given in Fig.A.8. We have neglected the effect of
quark mixing in these Feynman rules.
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p
p′
u˜iα
γ
u˜iα
−ieeu(p+ p′)µ
p
p′
d˜iα
γ
d˜iα
−ieed(p+ p′)µ
p
p′
u˜iα
W−
d˜iβ
−ig√
2
Q2i1αQ
2i−1
1β (p+ p
′)µ
p
p′
u˜iα
Z0
u˜iβ
ig
cos θW
Zαβui (p+ p
′)µ
p
p′
d˜iα
Z0
d˜iβ
ig
cos θW
Zαβdi (p+ p
′)µ
Figure A.6: Feynman rules for the interactions of the squarks and the gauge bosons. The
couplings of the W and Z to the squarks are given in Table A.4. The momenta of the outgoing
squarks, p and p′, should be taken in the direction of the arrows.
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p
p′
ℓ˜iα
γ
ℓ˜iα
ie(p+ p′)µ
p
p′
ν˜i
W−
ℓ˜iα
−ig√
2
L2i−11α (p+ p
′)µ
p
p′
ν˜iα
Z0
ν˜iβ
ig
cos θW
Zαβνi (p+ p
′)µ
p
p′
ℓ˜iα
Z0
ℓ˜iβ
ig
cos θW
Zαβei (p+ p
′)µ
Figure A.7: Feynman rules for the interactions of the sleptons and the gauge bosons. The
couplings of the sleptons to the gauge bosons are given in Table A.4 and the momenta of the
outgoing sleptons, p and p′, should be taken in the directions of the arrows.
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u¯
γ
u
−ieeuγµ
d¯
γ
d
−ieedγµ
ℓ+
γ
ℓ−
ieγµ
u¯
W−
d
−ig
2
√
2
γµ(1− γ5)
ν¯
W−
ℓ−
−ig
2
√
2
γµ(1− γ5)
u¯
Z0
u
ig
cos θW
γµ [ZuL(1− γ5) + ZuR(1 + γ5)]
d¯
Z0
d
ig
cos θW
γµ [ZdL(1− γ5) + ZdR(1 + γ5)]
ν¯
Z0
ν
ig
cos θW
γµZνL(1− γ5)
ℓ+
Z0
ℓ−
ig
cos θW
γµ [ZℓL(1− γ5) + ZℓR(1 + γ5)]
Figure A.8: Feynman rules for the interactions of the quarks and the gauge bosons.
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A.6 Higgs Boson Interactions with the Sfermions and
Fermions
The Lagrangian for the interaction of the Higgs bosons of the MSSM with the sfermions
is given in [24]. This Lagrangian is given below without left/right sfermion mixing,6 this
is taken from Eqn. 4.19 of [24],
LHq˜q˜∗ = − gMZ
cos θW
[
H01 cos(α + β)−H02 sin(α + β)
]
[(
1
2
− eu sin2 θW
)
u˜∗Lu˜L + eu sin
2 θW u˜
∗
Ru˜R
−
(
1
2
+ ed sin
2 θW
)
d˜∗Ld˜L + ed sin
2 θW d˜
∗
Rd˜R
]
− gm
2
d
MW cos β
(
d˜∗Ld˜L + d˜
∗
Rd˜R
) (
H01 cosα−H02 sinα
)
− gm
2
u
MW sin β
(u˜∗Lu˜L + u˜
∗
Ru˜R)
(
H01 sinα+H
0
2 cosα
)
− gmd
2MW cos β
(
d˜∗Rd˜L + d˜
∗
Ld˜R
) [
(Ad cosα− µ sinα)H01 − (µ cosα + Ad sinα)H02
]
− gmu
2MW sin β
(u˜∗Ru˜L + u˜
∗
Lu˜R)
[
(Au sinα− µ cosα)H01 + (µ sinα + Au cosα)H02
]
− igmd
2MW
(Ad tanβ + µ)
(
d˜∗Rd˜L − d˜∗Ld˜R
)
H03
− igmu
2MW
(Au cot β + µ) (u˜
∗
Ru˜L − u˜∗Lu˜R)H03
+
g√
2MW
(
m2d tan β +m
2
u cot β −M2W sin 2β
) (
H+u˜∗Ld˜L +H
−d˜∗Lu˜L
)
+
gmumd (cot β + tan β)√
2MW
(
H+u˜∗Rd˜R +H
−d˜∗Ru˜R
)
+
gmd√
2MW
(Ad tan β + µ)
(
H+u˜∗Ld˜R +H
−d˜∗Ru˜L
)
+
gmu√
2MW
(Ad tan β + µ)
(
H+u˜∗Rd˜L +H
−d˜∗Lu˜R
)
,
(A.49)
where α is the mixing angle for the CP-even Higgs bosons, H20 is the lighter CP-even
Higgs boson field, H10 is the heavier CP-even Higgs boson field, H
3
0 is the pseudo-scalar
Higgs boson field and all the other terms have been defined previously. As before, this
6We have neglected the terms arising from the presence of an additional Higgs singlet.
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Lagrangian is only for one generation of squarks.
We can express this Lagrangian in terms of the squark mass eigenstates giving
LHq˜q˜∗ = − gMZ
cos θW
[
H01 cos(α + β)−H02 sin(α+ β)
]
{(1
2
− eu sin2 θW
)
Q2i1αQ
2i
1β + eu sin
2 θWQ
2i
2αQ
2i
2β
}
u˜∗iαu˜iβ
−
{(
1
2
+ ed sin
2 θW
)
Q2i−11α Q
2i−1
1β − ed sin2 θWQ2i−12α Q2i−12β
}
d˜∗iαd˜iβ

− gm
2
d
MW cos β
(
Q2i−11α Q
2i−1
1β +Q
2i−1
2α Q
2i−1
2β
) (
H01 cosα−H02 sinα
)
d˜∗iαd˜iβ
− gm
2
u
MW sin β
(
Q2i1αQ
2i
1β +Q
2i
2αQ
2i
2β
) (
H01 sinα +H
0
2 cosα
)
u˜∗iαu˜iβ
− gmd
2MW cos β
(
Q2i−12α Q
2i−1
1β +Q
2i−1
1α Q
2i−1
2β
)
[
(Adi cosα− µ sinα)H01 − (µ cosα + Adi sinα)H02
]
d˜∗iαd˜iβ
− gmu
2MW sin β
(
Q2i2αQ
2i
1β +Q
2i
1αQ
2i
2β
)
[
(Aui sinα− µ cosα)H01 + (µ sinα + Aui cosα)H02
]
u˜∗iαu˜iα
− igmd
2MW
(Adi tan β + µ)
(
Q2i−12α Q
2i−1
1β −Q2i−11α Q2i−12β
)
H03 d˜
∗
iαd˜iβ
− igmu
2MW
(Aui cot β + µ)
(
Q2i2αQ
2i
1β −Q2i1αQ2i2β
)
H03 u˜
∗
iαu˜iβ
+
g√
2MW
(
m2d tan β +m
2
u cotβ −M2W sin 2β
)
(
H+Q2i1αQ
2i−1
1β u˜
∗
iαd˜iβ +H
−Q2i−11α Q
2i
1βd˜
∗
iαu˜iβ
)
+
gmumd (cot β + tan β)√
2MW
(
H+Q2i2αQ
2i−1
2β u˜
∗
iαd˜iβ +H
−Q2i−12α Q
2i
2βd˜
∗
iαu˜iβ
)
+
gmd√
2MW
(Adi tanβ + µ)
(
H+Q2i1αQ
2i−1
2β u˜
∗
iαd˜iβ +H
−Q2i−12α Q
2i
1β d˜
∗
iαu˜iβ
)
+
gmu√
2MW
(Adi tanβ + µ)
(
H+Q2i2αQ
2i−1
1β u˜
∗
iαd˜iβ +H
−Q2i−11α Q
2i
2β d˜
∗
iαu˜iβ
)
,
(A.50)
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u˜∗iβ
h0
u˜iα
igH1u˜iαu˜iβ
d˜∗iβ
h0
d˜iα
igH1
d˜iαd˜iβ
u˜∗iβ
H0
u˜iα
igH2u˜iαu˜iβ
d˜∗iβ
H0
d˜iα
igH2
d˜iαd˜iβ
u˜iβ
A0
u˜∗iα
gH3u˜iαu˜iβ
d˜iβ
A0
d˜∗iα
gH3
d˜iαd˜iβ
u˜iα
H+
d˜∗iβ
igHc
u˜iαd˜iβ
Figure A.9: Feynman rules for the interactions of the Higgs bosons and the squarks. The sign
of the A0q˜iαq˜iβ vertex changes under a change of sign of the squark momenta. The couplings
of the Higgs bosons to the squarks are given in Table. A.5.
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Coefficient Coupling
H1
d˜iαd˜iβ
−MZ sin(α+β)
cos θW
[
Q2i−11α Q
2i−1
1β (
1
2
+ ed sin
2 θW )− ed sin2 θWQ2i−12α Q2i−12β
]
+
m2
di
sinα
MW cos β
[
Q2i−11α Q
2i−1
1β +Q
2i−1
2α Q
2i−1
2β
]
+
mdi
2MW cos β
(Adi sinα + µ cosα)
[
Q2i−12α Q
2i−1
1β +Q
2i−1
1α Q
2i−1
2β
]
H1u˜iαu˜iβ
MZ sin(α+β)
cos θW
[
Q2i1αQ
2i
1β(
1
2
− eu sin2 θW ) + eu sin2 θWQ2i2αQ2i2β
]
−m
2
ui
cosα
MW sinβ
[
Q2i1αQ
2i
1β +Q
2i
2αQ
2i
2β
]
− mui
2MW sinβ
(Aui cosα + µ sinα)
[
Q2i2αQ
2i
1β +Q
2i
1αQ
2i
2β
]
H2
d˜iαd˜iβ
MZ cos(α+β)
cos θW
[
Q2i−11α Q
2i−1
1β (
1
2
+ ed sin
2 θW )− ed sin2 θWQ2i−12α Q2i−12β
]
−m
2
di
cosα
MW cos β
[
Q2i−11α Q
2i−1
1β +Q
2i−1
2α Q
2i−1
2β
]
+
mdi
2MW cos β
(µ sinα−Adi cosα)
[
Q2i−12α Q
2i−1
1β +Q
2i−1
1α Q
2i−1
2β
]
H2u˜iαu˜iβ −MZ cos(α+β)cos θW
[
Q2i1αQ
2i
1β(
1
2
− eu sin2 θW ) + eu sin2 θWQ2i2αQ2i2β
]
−m
2
ui
sinα
MW sinβ
[
Q2i1αQ
2i
1β +Q
2i
2αQ
2i
2β
]
− mui
2MW sinβ
(Aui sinα− µ cosα)
[
Q2i2αQ
2i
1β +Q
2i
1αQ
2i
2β
]
H3
d˜iαd˜iβ
δα6=β
mdi
2MW
(Adi tan β + µ)
H3u˜iαu˜iβ δα6=β
mui
2MW
(Aui cot β + µ)
Hc
u˜iαd˜iβ
1√
2MW
[
Q2i1αQ
2i−1
1β
(
m2di tanβ +m
2
ui
cot β −M2W sin 2β
)
+Q2i2αQ
2i−1
2β muimdi (cot β + tanβ)
+Q2i1αQ
2i−1
2β mdi (Adi tan β + µ) +Q
2i
2αQ
2i−1
1β mui (Aui cot β + µ)
]
Table A.5: Higgs couplings to the squarks.
Coefficient Coupling
H1
ℓ˜iαℓ˜iβ
−MZ sin(α+β)
cos θW
[
L2i−11α L
2i−1
1β (
1
2
− sin2 θW ) + sin2 θWL2i−12α L2i−12β
]
+
m2
ℓi
sinα
MW cos β
[
L2i−11α L
2i−1
1β + L
2i−1
2α L
2i−1
2β
]
+
mℓi
2MW cos β
(µ cosα + Aei sinα)
[
L2i−12α L
2i−1
1β + L
2i−1
1α L
2i−1
2β
]
H1ν˜iν˜i
MZ sin(α+β)
2 cos θW
H2
ℓ˜iαℓ˜iβ
MZ cos(α+β)
cos θW
[
L2i−11α L
2i−1
1β (
1
2
− sin2 θW ) + sin2 θWL2i−12α L2i−12β
]
−m
2
ℓi
cosα
MW cos β
[
L2i−11α L
2i−1
1β + L
2i−1
2α L
2i−1
2β
]
+
mℓi
2MW cos β
(µ sinα− Aei cosα)
[
L2i−12α L
2i−1
1β + L
2i−1
1α L
2i−1
2β
]
H2ν˜iν˜i −MZ cos(α+β)2 cos θW
H3
ℓ˜iαℓ˜iβ
δα6=β
mℓi
2MW
(Aei tanβ + µ)
Hc
ν˜ℓ˜iα
1√
2MW
[
L2i−11α
(
m2ℓi tanβ −M2W sin 2β
)
+ L2i−12α mℓi (Aei tan β + µ)
]
Table A.6: Higgs couplings to the sleptons.
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ν˜∗i
h0
ν˜i
igH1ν˜iν˜i
ℓ˜∗iβ
h0
ℓ˜iα
igH1
ℓ˜iαℓ˜iβ
ν˜∗iβ
H0
ν˜iα
igH2ν˜iαν˜iβ
ℓ˜∗iβ
H0
ℓ˜iα
igH2
ℓ˜iαℓ˜iβ
ℓ˜iβ
A0
ℓ˜∗iα
gH3
ℓ˜iαℓ˜iβ
ν˜iα
H+
ℓ˜∗iβ
igHc
ν˜iαℓ˜iβ
Figure A.10: Feynman rules for the interactions of the Higgs bosons and the sleptons. The sign
of the A0ℓ˜iαℓ˜iβ vertex changes under a change of sign of the slepton momenta. The couplings
of the Higgs bosons to the sleptons are given in Table. A.6.
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ui
h0
u¯i
−igU 1i
di
h0
d¯i
−igD1i
ui
H0
u¯i
−igU 2i
di
H0
d¯i
−igD2i
ui
A0
u¯i
−gU 3i γ5
di
A0
d¯i
−gD3i γ5
ui
H+
d¯i
ig [Dci (1 + γ5) + U
c
i (1− γ5)]
Figure A.11: Feynman rules for the interactions of the Higgs bosons and the quarks. The
couplings of the Higgs bosons to the quarks are given in Table. A.7.
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U1i
mui cosα
2MW sin β
D1i −
mdi sinα
2MW cos β
U2i
mui sinα
2MW sin β
D2i
mdi cosα
2MW cos β
U3i
mui cot β
2MW
D3i
mdi tan β
2MW
U ci
mui cot β
2
√
2MW
Dci
mdi tan β
2
√
2MW
Table A.7: Higgs couplings to the quarks.
where there is an implied summation over the squark mass eigenstates. The α in the sines
and cosines is the mixing angle for the CP-even Higgs bosons, whereas that appearing
in the subscripts is the mass eigenstate of the squark. We can derive the Feynman rules
for the interactions of the Higgs bosons with the squarks, Fig.A.9, from this Lagrangian.
The relevant couplings are given in Table A.5. In the Feynman rules we have used the
notation h0 for the lighter scalar Higgs, H0 for the heavier scalar Higgs and A0 for the
pseudo-scalar Higgs. These correspond to H20, H
1
0 and H
3
0 respectively in the notation used
above. The Feynman rules for the interactions of the sleptons can be derived by replacing
the relevant couplings in the above Lagrangian. This gives the Feynman rules shown in
Fig.A.10, with the couplings given in Table A.6.
Again for completeness we will include the Feynman rules for the interaction of the
Higgs bosons of the MSSM with the fermions. The relevant Lagrangian from Eqn. 4.10
of [24] is,
LHqq¯ = − gmu
2MW sin β
[
u¯u
(
H01 sinα +H
0
2 cosα
)− iu¯γ5uH03 cos β]
− gmd
2MW cos β
[
d¯d
(
H01 cosα−H02 sinα
)− id¯γ5dH03 sin β] (A.51)
+
g
2
√
2MW
{
H+u¯
[
(md tanβ +mu cotβ) + (md tan β −mu cot β) γ5
]
d+ h.c.
}
.
This gives the Feynman rules shown in Fig.A.11, using the couplings given in Table A.7.
A.7 R-parity Violating Feynman Rules
Here we present the Feynman rules for R-parity violating supersymmetry with arbitrary
left/right sfermion mixing. In general these terms in the superpotential, Eqn. 1.63, give
rise to a number of interactions, the Yukawa-type coupling of two fermions and a sfermion,
and scalar-scalar interaction terms. As we are only interested in the Yukawa-type terms
we will only consider the Feynman rules which couple two fermions and a sfermion. We
derive the Feynman rules from the superpotential including mixing between the left and
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ℓk
ℓ˜jα
νi
−iλijkL
2j−1
1α
2
(1− γ5)
ℓk
ν˜j
ℓi
iλijk
2
(1− γ5)
ℓj
ℓ˜kα
νi
−iλijkL
2k−1
2α
2
(1 + γ5)C
Figure A.12: Feynman rules for LLE. The standard rules for charge conjugation matrices apply.
In this case the νi should be transposed in the last diagram.
right sfermions. Due to our definition of the couplings in the superpotential, Eqn. 1.63,
there are differences in our Feynman rules and hence cross sections and decay rates when
compared with [162].
We follow the standard procedure defined in [18] to obtain the Lagrangian from the
superpotential. We will consider the superpotential term by term. The first term in the
6Rp superpotential, Eqn. 1.63, i.e. the LLE term, gives the Lagrangian
LLLE = −λijk
(
ℓ˜∗kRν¯
c
iPLℓj + ℓ˜jLℓ¯kPLνi − ν˜j ℓ¯kPLℓi + h.c.
)
, (A.52)
where we have used the antisymmetries of the coupling λijk, i.e. λijk = −λjik. This
Lagrangian therefore only applies for i > j.
After the inclusion of left/right sfermion mixing this gives the Lagrangian
LLLE = −λijk
(
L2k−12α ℓ˜
∗
kαν¯
c
iPLℓj + L
2j−1
1α ℓ˜jαℓ¯kPLνi − ν˜j ℓ¯kPLℓi + h.c.
)
, (A.53)
where there is an implied summation over the slepton mass eigenstates. This Lagrangian
gives the Feynman rules shown in Fig.A.12.
We can apply the same procedure to obtain the Lagrangian for the second term in
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dk
d˜jα
νi
−iλ
′
ijkQ
2j−1
1α
2
(1− γ5)
dk
u˜jα
ℓ−i
iλ′ijkQ
2j
1α
2
(1− γ5)
dk
ν˜i
dj
−iλ
′
ijk
2
(1− γ5)
dk
ℓ˜iα
uj
iλ′ijkL
2i−1
1α
2
(1− γ5)
dj
d˜kα
νi
−iλ
′
ijkQ
2k−1
2α
2
(1 + γ5)C
uj
d˜kα
ℓ−i
iλ′ijkQ
2k−1
2α
2
(1 + γ5)C
Figure A.13: Feynman rules for LQD. The standard rules for charge conjugation matrices apply.
In this case the lepton in the last two rules should be transposed.
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dc3k
u˜c1iα
dc2j
iλ′′ijkQ
2i
2αεc1c2c3
2
C†(1 + γ5)
uc1i
d˜c3kα
dc2j
iλ′′ijkQ
2k−1
2α εc1c2c3
2
C†(1 + γ5)
Figure A.14: Feynman rules for UDD. The standard rules for charge conjugation matrices
apply. In this case the dj should be transposed.
Eqn. 1.63, i.e. the LQD term,
LLQD = −λ′ijk
(
d˜∗kRν¯
c
iPLdj − d˜∗kRℓ¯ciPLuj + d˜jLd¯kPLνi
−u˜jLd¯kPLℓi + ν˜id¯kPLdj − ℓ˜iLd¯kPLuj + h.c.
)
, (A.54)
where again there is an implied summation over the sfermion mass eigenstates. We can
include the left/right sfermion mixing in the Lagrangian, giving
LLQD = −λ′ijk
(
Q2k−12α d˜
∗
kαν¯
c
iPLdj −Q2k−12α d˜∗kαℓ¯ciPLuj +Q2j−11α d˜jαd¯kPLνi
−Q2j1αu˜jαd¯kPLℓi + ν˜id¯kPLdj − L2i−11α ℓ˜iαd¯kPLuj + h.c.
)
. (A.55)
This gives the Feynman rules in Fig.A.13.
The last term in the superpotential, Eqn. 1.63, gives the Lagrangian
LUDD = −λ′′ijkεc1c2c3
(
u˜∗c1iR d¯
c3
k PLd
cc2
j + d˜
∗c3
kR u¯
c1
i PLd
cc2
j + h.c.
)
, (A.56)
where c1, c2 and c3 are the colour indices.
We can include the left/right mixing in this equation, giving
LUDD = −λ′′ijkεc1c2c3
(
Q2i2αu˜
∗c1
iα d¯
c3
k PLd
cc2
j +Q
2k−1
2α d˜
∗c3
kα u¯
c1
i PLd
cc2
j + h.c.
)
. (A.57)
The Feynman rules from this Lagrangian are shown in Fig.A.14.
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Appendix B
Decay Rate Calculations
B.1 Introduction
In this appendix we present the matrix elements for the decays of the sfermions, charginos,
neutralinos and gluinos via 6Rp. The next appendix gives the matrix elements for the 6Rp
production cross sections, most of which can simply be obtained by crossing the various
decay matrix elements. Throughout we allow for more than one 6Rp coupling to be non-
zero.
In order to simplify the notation for the matrix elements, for both the decay rates pre-
sented in this appendix and the cross sections in Appendix C, we introduce the following
functions
R(a˜, m2bc) ≡
1
(m2bc −M2a˜ )2 + Γ2a˜M2a˜
, (B.1a)
S(a˜, b˜, m2cd, m
2
ef) ≡ R(a˜, m2cd)R(b˜, m2ef)
[
(m2cd −M2a˜ )(m2ef −M2b˜ ) + Γa˜Γb˜Ma˜Mb˜
]
, (B.1b)
where m2bc = (pb + pc)
2, and Ma˜ and Γa˜ are the mass and the width of the sfermion a˜,
respectively. The various terms in the matrix elements can be more easily expressed in
terms of
Ψ(a˜, 1, 2, 3) ≡ R(a˜, m212)
(
m212 −m21 −m22
)[ (
a2(a˜) + b2(a˜)
) (
M20 +m
2
3 −m212
)
+ 4a(a˜)b(a˜)m3M0
]
, (B.2a)
Υ(a˜, 1, 2, 3) ≡ S(a˜1, a˜2, m212, m212)
(
m212 −m21 −m22
)[
(a(a˜1)a(a˜2) + b(a˜1)b(a˜2))
(
M20 +m
2
3 −m212
)
+2 (a(a˜1)b(a˜2) + a(a˜2)b(a˜1))m3M0
]
, (B.2b)
Φ(a˜, b˜, 1, 2, 3) ≡ S(a˜, b˜, m212, m223)
[
m1m3a(a˜)a(b˜)
(
m212 +m
2
23 −m21 −m23
)
+m1M0b(a˜)a(b˜)
(
m223 −m22 −m23
)
+m3M0a(a˜)b(b˜)
(
m212 −m21 −m22
)
+b(a˜)b(b˜)
(
m212m
2
23 −m21m23 −M20m22
) ]
, (B.2c)
179
Appendix B. Decay Rate Calculations 180
Operator Process Product of the colour factor and coupling Cabc
LLE ℓ˜−jα −→ ν¯iℓ−k |λijk|2|L2j−11α |2
LLE ℓ˜−kα −→ νiℓ−j |λijk|2|L2k−12α |2
LLE ν˜j −→ ℓ+i ℓ−k |λijk|2
LQD ℓ˜−iα −→ u¯jdk Nc|λ′ijk|2|L2i−11α |2
LQD ν˜i −→ d¯jdk Nc|λ′ijk|2
LQD d˜jα −→ ν¯idk |λ′ijk|2|Q2j−11α |2
LQD u˜jα −→ ℓ+i dk |λ′ijk|2|Q2j1α|2
LQD d˜kα −→ νidj |λ′ijk|2|Q2k−12α |2
LQD d˜kα −→ ℓ−i uj |λ′ijk|2|Q2k−12α |2
UDD u˜iα −→ d¯j d¯k (Nc − 1)!|λ′′ijk|2|Q2i2α|2
UDD d˜kα −→ u¯id¯j (Nc − 1)!|λ′′ijk|2|Q2k−12α |2
Table B.1: Coefficients for the sfermion 6Rp decays.
where a˜1 and a˜2 are the mass eigenstates of the relevant SUSY particle. The functions
a and b are gaugino-sfermion-fermion coupling constants and are given in the following
tables in Appendix A: TableA.1 for the charginos, TableA.2 for the neutralinos and
TableA.3 for the gluino. The couplings are defined such that a(c˜∗) = b(c˜) and b(c˜∗) = a(c˜).
In all the above expressions M0 is the mass of the decaying sparticle and 1, 2, 3, are
the decay products. As we will consider the decays for arbitrary couplings we will use
the indices i, j, k = 1, 2, 3 to represent the generations of the particles and the indices
α, β = 1, 2 to represent the mass eigenstates of the sfermions. We have not included
the right-handed neutrino and therefore we will neglect the left/right mixing for the
sneutrinos.
B.2 Sfermions
Here we present the matrix elements for the two-body sfermion decays including left/right
mixing. In general the spin- and colour-averaged matrix elements have the form
|M(a→ b, c)|2 = Cabc(M2a −m2b −m2c), (B.3)
where Cabc is the product of the colour factor and the coupling for the process. These
factors are tabulated for the various sfermion decays in TableB.1 where Nc denotes the
number of colours.
In all these terms the Roman indices represent the generation of the particle and the
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Figure B.1: LLE decays of the χ˜+.The index l = 1, 2 gives the mass eigenstate of the chargino,
the index α = 1, 2 gives the mass eigenstate of the slepton and the indices i, j, k = 1, 2, 3 give
the generations of the particles.
Greek indices the mass eigenstate of the sfermions when there is mixing. The decay rate
can be obtained by integrating over the two body phase space. This gives
Γ(a→ b, c) = |M(a→ b, c)|
2pcm
8πM2a
, (B.4)
where pcm is the final-state momentum in the rest frame of the decaying particle,
p2cm =
1
4M2a
[
M2a − (mb +mc)2
] [
M2a − (mb −mc)2
]
.
B.3 Charginos
Most of the chargino 6Rp decay rates have already been calculated [33] in the case of
no left/right sfermion mixing for the first two operators in the 6Rp superpotential. We
recalculate these rates with left/right sfermion mixing. First we consider the LLE decays
of the chargino. There are three possible decay modes:
1. χ˜+l −→ ν¯iℓ+j νk;
2. χ˜+l −→ νiνjℓ+k ;
3. χ˜+l −→ ℓ+i ℓ+j ℓ−k .
The Feynman diagrams for these decays are shown in Fig. B.1. The spin-averaged matrix
elements are given by:
|M(χ˜+l → ν¯iℓ+j νk)|2 =
g2λ2ijk
2
[∑
α=1,2
|L2k−12α |2Ψ(ℓ˜∗kα, νi, ℓj, νk) + 2L2k−121 L2k−122 Υ(ℓ˜∗k, νi, ℓj , νk)
]
; (B.5)
Appendix B. Decay Rate Calculations 182
χ˜+l
uk
ν¯i
d¯j
d˜kα
χ˜+l d¯j
dk
ℓ+i
ν˜i
χ˜+l
ℓ+i
d¯j
dk
u˜jα
χ˜+l
uk
u¯j
ℓ+i
d˜kα
χ˜+l d¯k
uj
νi
ℓ˜iα
χ˜+l
νi
uj
d¯k
d˜jα
Figure B.2: LQD decays of the χ˜+.The index l = 1, 2 gives the mass eigenstate of the chargino,
the index α = 1, 2 gives the mass eigenstate of the sfermion and the indices i, j, k = 1, 2, 3 give
the generations of the particles.
|M(χ˜+l → νiνjℓ+k )|2 =
g2λ2ijk
2
[∑
α=1,2
|L2i−11α |2Ψ(ℓ˜iα, νj , ℓk, νi)
+
∑
α=1,2
|L2j−11α |2Ψ(ℓ˜jα, νi, ℓk, νj)
2L2i−111 L
2i−1
12 Υ(ℓ˜i, νj , ℓk, νi) + 2L
2j−1
11 L
2j−1
12 Υ(ℓ˜j, νi, ℓk, νj)
+
∑
α=1,2
∑
β=1,2
2L2i−11α L
2j−1
1β Φ(ℓ˜jβ, ℓ˜iα, νi, ℓk, νj)
]
; (B.6)
|M(χ˜+l → ℓ+i ℓ+j ℓ−k )|2 =
g2λ2ijk
2
[
Ψ(ν˜i, ℓj, ℓk, ℓi) + Ψ(ν˜j , ℓi, ℓk, ℓj)
+2Φ(ν˜j , ν˜i, ℓi, ℓk, ℓj)
]
. (B.7)
We go beyond the results of [33] to include the decay χ˜+ −→ ν¯iℓ+j νk.
We now consider the LQD decays of the chargino. There are four possible decay
modes:
1. χ˜+l −→ ν¯id¯juk;
2. χ˜+l −→ ℓ+i u¯juk;
3. χ˜+l −→ ℓ+i d¯jdk;
4. χ˜+l −→ νiuj d¯k.
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The Feynman diagrams for these decays are shown in Fig. B.2. The spin- and colour-
averaged matrix elements are given by
|M(χ˜+l → ν¯id¯juk)|2 =
g2λ′2ijkNc
2
[∑
α=1,2
|Q2k−12α |2Ψ(d˜∗kα, νi, dj, uk) + 2Q2k−121 Q2k−122 Υ(d˜∗k, νi, dj , uk)
]
; (B.8)
|M(χ˜+l → ℓ+i u¯juk)|2 =
g2λ′2ijkNc
2
[∑
α=1,2
|Q2k−12α |2Ψ(d˜∗kα, ℓi, uj, uk) + 2Q2k−121 Q2k−122 Υ(d˜∗k, ℓi, uj, uk)
]
; (B.9)
|M(χ˜+l → ℓ+i d¯jdk)|2 =
g2λ′2ijkNc
2
[
Ψ(ν˜i, dj, dk, ℓi) +
∑
α=1,2
|Q2j1α|2Ψ(u˜jα, ℓi, dk, dj)
+2Q2j11Q
2j
12Υ(u˜j , ℓi, dk, dj) + 2
∑
α=1,2
Q2j1αΦ(u˜jα, ν˜i, ℓi, dk, dj)
]
; (B.10)
|M(χ˜+l → νiujd¯k)|2 =
g2λ′2ijkNc
2
[∑
α=1,2
|L2i−11α |2Ψ(ℓ˜iα, uj, dk, νi) +
∑
α=1,2
|Q2j−11α |2Ψ(d˜jα, νi, dk, uj)
+2L2i−111 L
2i−1
12 Υ(ℓ˜i, uj , dk, νi) + 2Q
2j−1
11 Q
2j−1
12 Υ(d˜j, νi, dk, uj)
+2
∑
α=1,2
∑
β=1,2
L2i−11α Q
2j−1
1β Φ(d˜jβ, ℓ˜iα, νi, dk, uj)
]
. (B.11)
We now come to the baryon number violating decays. We do not assume that there
is only one non-zero 6Rp coupling. This means that more than one coupling contributes
to these decays. It may seem that this will only matter in the case where more than one
λ′′ coupling is taken to be non-zero, however there can be more than one diagram even
with only one coupling non-zero, e.g. λ′′112 will give two diagrams for each of the decay
modes. In this case one of these diagrams is obtained from the other simply by crossing
the identical fermions in the final state.
There are two possible decay modes:
1. χ˜+l −→ uiujdk;
2. χ˜+l −→ d¯id¯j d¯k.
The Feynman diagrams for these decays are shown in Fig. 2.8. The spin- and colour-
averaged matrix elements for these processes with left/right sfermion mixing are given
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by:
|M(χ˜+l → uiujdk)|2 =
g2Nc!
2(1 + δij)
[
λ′′2jik
∑
α=1,2
|Q2i−12α |2Ψ(d˜∗iα, uj , dk, ui) + λ′′2ijk
∑
α=1,2
|Q2j−12α |2Ψ(d˜∗jα, ui, dk, uj)
+2λ′′2jikQ
2i−1
21 Q
2i−1
22 Υ(d˜
∗
i , uj, dk, ui) + 2λ
′′2
ijkQ
2j−1
21 Q
2j−1
22 Υ(d˜
∗
j , ui, dk, uj)
+2λ′′ijkλ′′jik
∑
α=1,2
∑
β=1,2
Q2i−12α Q
2j−1
2β Φ(d˜
∗
jβ, d˜
∗
iα, ui, dk, uj)
]
; (B.12)
|M(χ˜+l → d¯id¯j d¯k)|2 =
g2Nc!
2(1 + δij + δjk + δik)
[
λ′′2ijk
∑
α=1,2
|Q2i2α|2Ψ(u˜∗iα, dj, dk, di)
+λ′′2jki
∑
α=1,2
|Q2j2α|2Ψ(u˜∗jα, di, dk, dj)
+λ′′2kij
∑
α=1,2
|Q2k2α|2Ψ(u˜∗kα, di, dj, dk) + 2λ′′2ijkQ2i21Q2i22Υ(u˜∗i , dj , dk, di)
+2λ′′2jkiQ
2j
21Q
2j
22Υ(u˜
∗
j , di, dk, dj) + 2λ
′′2
kijQ
2k
21Q
2k
22Υ(u˜
∗
kα, di, dj , dk)
−2λ′′ijkλ′′jki
∑
α=1,2
∑
β=1,2
Q2i2αQ
2j
2βΦ(u˜
∗
jβ, u˜
∗
iα, di, dk, dj)
−2λ′′ijkλ′′kij
∑
α=1,2
∑
β=1,2
Q2i2αQ
2k
2βΦ(u˜
∗
kβ, u˜
∗
iα, di, dj , dk)
−2λ′′jkiλ′′kij
∑
α=1,2
∑
β=1,2
Q2j2αQ
2k
2βΦ(u˜
∗
kβ , u˜
∗
jα, dj , di, dk)
]
. (B.13)
The coefficients in the chargino matrix elements are given in TableA.1. When the
chargino mass matrix is diagonalized it is possible to get negative eigenvalues in which
case the physical field is γ5χ rather than χ. This means that the coefficients a(ν˜i), a(u˜iα),
and a(d˜iα) change sign if the chargino mass is negative.
The partial widths can be obtained from these matrix elements by integrating over
any two of m212, m
2
23 and m
2
13. The partial width is given by [22]
Γ(0→ 1, 2, 3) = 1
(2π)3
1
32M30
∫ (m212)max
(m212)min
dm212
∫ (m223)max
(m223)min
dm223 |M|2, (B.14)
where
• (m212)max = (M0 −m3)2,
• (m212)min = (m1 +m2)2,
• (m223)max = (E∗2 + E∗3)2 −
(√
E∗2
2 −m22 −
√
E∗3
2 −m23
)2
,
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Figure B.3: LLE decays of the χ˜0. The index l = 1, . . . , 4 gives the mass eigenstate of the neu-
tralino, the index α = 1, 2 gives the mass eigenstate of the slepton and the indices i, j, k = 1, 2, 3
give the generations of the particles.
• (m223)min = (E∗2 + E∗3)2 −
(√
E∗2
2 −m22 +
√
E∗3
2 −m23
)2
,
• E∗2 = (m212 −m21 +m22) /2m12 and E∗3 = (M20 −m212 −m23) /2m12 are the energies of
particles 2 and 3 in the m12 rest frame.
These double integrals are complicated and in general, for massive final-state parti-
cles, cannot be performed analytically. However the kinematic functions defined in
Eqn.B.2 only depend on two of the possible kinematic variables. This is because there
are only two independent variables with the third given by momentum conservation,
i.e. m212 + m
2
13 + m
2
23 = M
2
0 + m
2
1 + m
2
2 + m
2
3. We can therefore split the matrix el-
ement up into terms containing these functions and integrate each term over different
kinematic variables. This allows us to perform the first integral for each of these terms
analytically leaving the second integral to be performed numerically. Thus we obtain a
number of one-dimensional integrals which must be performed numerically rather than one
two-dimensional integral. It is more efficient to calculate these one-dimensional integrals
rather than the two-dimensional integral.
B.4 Neutralinos
The total three-body decay rate of a photino was first computed in [105] in the limit where
the sfermion is much heavier than the decaying photino and assuming massless final-state
particles. In [63] the general photino matrix element squared was given, allowing for the
computation of final-state distributions. In [64, 162] this was extended to the general
case of a neutralino. In [162] arbitrary sfermion mixing was included as well. We have
recalculated the rates with only left/right sfermion mixing (neglecting inter-generational
sfermion mixing.) We use a different convention for both the 6Rp superpotential and the
MSSM Lagrangian, which is more appropriate for implementation in HERWIG. The LLE,
LQD and UDD decay modes are shown in Figs. B.3, B.4 and 2.9, respectively.
There are four decay modes:
1. χ˜0l −→ ν¯iℓ+j ℓ−k ;
2. χ˜0l −→ ν¯id¯jdk;
3. χ˜0l −→ ℓ+i u¯jdk;
4. χ˜0l −→ u¯id¯jd¯k,
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as well as their charge conjugates, since the neutralino is a Majorana fermion. The spin-
and colour-averaged matrix elements are given below1
|M(χ˜0l → ν¯iℓ+j ℓ−k )|2 =
λ2ijk
[
Ψ(ν˜i, ℓj, ℓk, νi) +
∑
α=1,2
|L2j−11α |2Ψ(ℓ˜jα, νi, ℓk, ℓj)
+
∑
α=1,2
|L2k−12α |2Ψ(ℓ˜∗kα, νi, ℓj, ℓk)
+2L2j−111 L
2j−1
12 Υ(ℓ˜j, νi, ℓk, ℓj) + 2L
2k−1
21 L
2k−1
22 Υ(ℓ˜
∗
k, νi, ℓj, ℓk)
−
∑
α=1,2
2L2j−11α Φ(ℓ˜jα, ν˜i, νi, ℓk, ℓj)−
∑
α=1,2
2L2k−12α Φ(ℓ˜
∗
kα, ν˜i, νi, ℓj, ℓk)
−
∑
α=1,2
∑
β=1,2
2L2j−11α L
2k−1
2β Φ(ℓ˜
∗
kβ, ℓ˜jα, ℓj, νi, ℓk)
]
, (B.15)
|M(χ˜0l → ν¯id¯jdk)|2 =
λ′2ijkNc
[
Ψ(ν˜i, dj , dk, νi) +
∑
α=1,2
|Q2j−11α |2Ψ(d˜jα, νi, dk, dj)
+
∑
α=1,2
|Q2k−12α |2Ψ(d˜∗kα, νi, dj, dk)
+2Q2j−111 Q
2j−1
12 Υ(d˜j , νi, dk, dj) + 2Q
2k−1
21 Q
2k−1
22 Υ(d˜
∗
k, νi, dj , dk)
−
∑
α=1,2
2Q2j−11α Φ(d˜jα, ν˜i, νi, dk, dj)−
∑
α=1,2
2Q2k−12α Φ(d˜
∗
kα, ν˜i, νi, dj, dk)
−
∑
α=1,2
∑
β=1,2
2Q2j−11α Q
2k−1
2β Φ(d˜
∗
kβ , d˜jα, dj , νi, dk)
]
, (B.16)
|M(χ˜0l → ℓ+i u¯jdk)|2 =
λ′2ijkNc
[∑
α=1,2
|L2i−11α |2Ψ(ℓ˜iα, uj , dk, ℓi) +
∑
α=1,2
|Q2j1α|2Ψ(u˜jα, ℓi, dk, uj)
+
∑
α=1,2
|Q2k−12α |2Ψ(d˜∗kα, ℓi, uj , dk) + 2L2i−111 L2i−112 Υ(ℓ˜i, uj , dk, ℓi)
+2Q2j11Q
2j
12Υ(u˜j, ℓi, dk, uj) + 2Q
2k−1
21 Q
2k−1
22 Υ(d˜
∗
k, ℓi, uj , dk)
−
∑
α=1,2
∑
β=1,2
2L2i−11α Q
2j
1βΦ(u˜jβ, ℓ˜iα, ℓi, dk, uj)
−
∑
α=1,2
∑
β=1,2
2L2i−11α Q
2k−1
2β Φ(d˜
∗
kβ , ℓ˜iα, ℓi, uj , dk)
−
∑
α=1,2
∑
β=1,2
2Q2j1αQ
2k−1
2β Φ(d˜
∗
kβ , u˜jα, uj , ℓi, dk)
]
, (B.17)
1We have a slight disagreement with [162] concerning the sign of the width of the sfermions. This is
numerically insignificant since when the sfermion is on-shell HERWIG treats this as a two-body decay.
The authors of [162] agree with our signs. We thank Paolo Gondolo for discussions of this point.
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Figure B.4: LQD decays of the χ˜0.The index l = 1, . . . , 4 gives the mass eigenstate of the neu-
tralino, the index α = 1, 2 gives the mass eigenstate of the sfermion and the indices i, j, k = 1, 2, 3
give the generations of the particles.
|M(χ˜0l → u¯id¯jd¯k)|2 =
λ′′2ijkNc!
[∑
α=1,2
|Q2i2α|2Ψ(u˜∗iα, dj , dk, ui) +
∑
α=1,2
|Q2j−12α |2Ψ(d˜∗jα, ui, dk, dj)
+
∑
α=1,2
|Q2k−12α |2Ψ(d˜∗kα, ui, dj, dk) + 2Q2i21Q2i22Υ(u˜∗i , dj , dk, ui)
+2Q2j−121 Q
2j−1
22 Υ(d˜
∗
j , ui, dk, dj) + 2Q
2k−1
21 Q
2k−1
22 Υ(d˜
∗
k, ui, dj, dk)
−
∑
α=1,2
∑
β=1,2
2Q2i2αQ
2j−1
2β Φ(d˜
∗
jβ, u˜
∗
iα, ui, dk, dj)
−
∑
α=1,2
∑
β=1,2
2Q2i2αQ
2k−1
2β Φ(d˜
∗
kβ, u˜
∗
iα, ui, dj , dk)
−
∑
α=1,2
∑
β=1,2
2Q2j−12α Q
2k−1
2β Φ(d˜
∗
kβ, d˜
∗
jα, dj, ui, dk)
]
. (B.18)
The relevant coefficients are given in TableA.2. Again, when the neutralino mass ma-
trix is diagonalized, negative eigenvalues can be obtained and the fields must be rotated.
This changes the sign of some of the coefficients in TableA.2: the coefficients a(c˜) change
sign, and hence the coefficients b(c˜∗) also change sign. The partial widths can be obtained
by integrating the matrix elements in the same way as for the chargino decays.
B.5 Gluinos
These decay rates are calculated here with left/right mixing. There are three possible
decay modes, two via the LQD operator and one via the UDD operator:
1. g˜ −→ ν¯id¯jdk;
2. g˜ −→ ℓ+i u¯jdk;
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Figure B.5: LQD decays of the g˜. The index α = 1, 2 gives the mass eigenstate of the sfermion
and the indices i, j, k = 1, 2, 3 give the generations of the particles.
3. g˜ −→ uidjdk.
Since the gluino is a Majorana fermion the charge conjugate decay modes are also
possible. The Feynman diagrams for these processes are shown in Fig. B.5 and Fig. 2.11,
respectively. The spin- and colour-averaged matrix elements with left/right sfermion
mixing are given by
|M(g˜→ ν¯id¯jdk)|2 =
λ′2ijkg
2
s
2
[∑
α=1,2
|Q2j−11α |2Ψ(d˜jα, νi, dk, dj) +
∑
α=1,2
|Q2k−12α |2Ψ(d˜∗kα, νi, dj, dk)
+2Q2j−111 Q
2j−1
12 Υ(d˜j , νi, dk, dj) + 2Q
2k−1
21 Q
2k−1
22 Υ(d˜
∗
k, νi, dj , dk)
−
∑
α=1,2
∑
β=1,2
2Q2j−11α Q
2k−1
2β Φ(d˜
∗
kβ, d˜jα, dj, νi, dk)
]
, (B.19)
|M(g˜→ ℓ+i u¯jdk)|2 =
λ′2ijkg
2
s
2
[∑
α=1,2
|Q2j1α|2Ψ(u˜jα, ℓi, dk, uj) + 2Q2j11Q2j12Υ(u˜j, ℓi, dk, uj)
+
∑
α=1,2
|Q2k−12α |2Ψ(d˜∗kα, ℓi, uj, dk) + 2Q2k−121 Q2k−122 Υ(d˜∗k, ℓi, uj, dk)
−
∑
α=1,2
∑
β=1,2
2Q2j1αQ
2k−1
2β Φ(d˜
∗
kβ , u˜jα, uj , ℓi, dk)
]
, (B.20)
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|M(g˜→ u¯id¯j d¯k)|2 =
λ′′2ijk(Nc − 1)!
2
[∑
α=1,2
|Q2i2α|2Ψ(u˜∗iα, dj, dk, ui) + 2Q2i21Q2i22Υ(u˜∗i , dj, dk, ui)
+
∑
α=1,2
|Q2j−12α |2Ψ(d˜∗jα, ui, dk, dj) + 2Q2j−121 Q2j−122 Υ(d˜∗j , ui, dk, dj)
+
∑
α=1,2
|Q2k−12α |2Ψ(d˜∗kα, ui, dj, dk) + 2Q2k−121 Q2k−122 Υ(d˜∗k, ui, dj , dk)
+
1
Nc − 1
∑
α=1,2
∑
β=1,2
2Q2i2αQ
2j−1
2β Φ(d˜
∗
jβ, u˜
∗
iα, ui, dk, dj)
+
1
Nc − 1
∑
α=1,2
∑
β=1,2
2Q2i2αQ
2k−1
2β Φ(d˜
∗
kβ, u˜
∗
iα, ui, dj, dk)
+
1
Nc − 1
∑
α=1,2
∑
β=1,2
2Q2j−12α Q
2k−1
2β Φ(d˜
∗
kβ, d˜
∗
jα, dj, ui, dk)
]
. (B.21)
The coefficients for these matrix elements are given in TableA.3. As the gluino mass is
not obtained by diagonalizing a mass matrix it cannot be negative. The partial widths
can be obtained integrating the matrix elements in the same way as for the chargino
decays.
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Appendix C
Cross-section Calculations
C.1 Introduction
Here we present all the matrix elements for 2→ 2 scattering processes via single sparticle
exchange. We disregard those possibilities where the sfermion resonance is not kinemati-
cally probed, e.g.
dj + d¯k → ν˜i → ν˜i + Z0. (C.1)
All of the single neutralino, chargino and gluino production cross sections can be
obtained by crossing from the decay matrix elements we have already presented in Ap-
pendix B. This crossing will lead to the invariants m212, m
2
23, and m
2
13 being replaced by
the usual invariants s, t and u. There is also an overall sign change due to exchanging
fermions between the initial and final states. Furthermore it should be remembered that
the decay matrix elements have been averaged over the spin and colour of the initial
particle.
The cross sections for the remaining processes are presented below. In all cases the
formulae have been averaged over the initial spins and colours. The initial-state masses
have all been set to zero, except where they appear in a coupling constant. In t- and
u-channel fermion propagators the fermion masses have been neglected as well.
C.2 LQD Processes
C.2.1 Resonant Slepton Production followed by Weak Decay
There are three processes which can occur via the production of a resonant slepton followed
by a weak decay of this slepton. These are:
1. dj d¯k −→ ℓ˜∗iW−;
2. uj d¯k −→ ν˜∗iW+;
3. uj d¯k −→ τ˜ ∗1Z0.
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We have not included processes where the resonance is not accessible, e.g. uj d¯k −→ τ˜ ∗2Z0.
The matrix elements are given below:
|M(dj d¯k → ℓ˜∗iαW−)|2 =
g2λ′2ijk|L2i−11α |2
2M2WNc
[
sˆ2p2cmR(ν˜i, sˆ) +
1
4uˆ2
(
2M2W(uˆtˆ−M2ℓ˜iαM
2
W) + uˆ
2sˆ
)
− sˆ
(
sˆ−M2ν˜i
)
R(ν˜i, sˆ)
2uˆ
(
M2W(2M
2
ℓ˜iα
− uˆ) + uˆ(sˆ−M2
ℓ˜iα
)
)]
; (C.2)
|M(uj d¯k → ν˜∗iW+)|2 =
g2λ′2ijk
2M2WNc
∑
α=1,2
|L2i−11α |4sˆ2p2cmR(ℓ˜iα, sˆ) + 2|L2i−111 |2|L2i−112 |2sˆ2p2cmS(ℓ˜i1, ℓ˜i2, sˆ, sˆ)
+
1
4uˆ2
(
2M2W(uˆtˆ−M2ν˜iM2W) + uˆ2sˆ
)
−
∑
α=1,2
|L2i−11α |2sˆ
(
sˆ−M2
ℓ˜iα
)
R(ℓ˜iα, sˆ)
2uˆ
(
M2W(2M
2
ν˜i
− uˆ) + uˆ(sˆ−M2ν˜i)
) ; (C.3)
|M(uj d¯k → ℓ˜∗i1Z0)|2 =
g2λ′2ijk
NcM
2
Z cos
2 θW
[∑
α=1,2
|L2i−11α |2|Zα1ℓi |2sˆ2p2cmR(ℓ˜iα, sˆ)
+
|L2i−111 |2Z2uL
uˆ2
(
2M2Z(uˆtˆ−M2ℓ˜i1M
2
Z) + uˆ
2sˆ
)
+
|L2i−111 |2Z2dR
tˆ2
(
2M2Z(uˆtˆ−M2ℓ˜i1M
2
Z) + tˆ
2sˆ
)
+ 2L2i−111 L
2i−1
12 Z
11
ℓi
Z21ℓi sˆ
2p2cmS(ℓ˜i1, ℓ˜i2, sˆ, sˆ)
+
∑
α=1,2
L2i−11α L
2i−1
11 Z
α1
ℓi
ZuL sˆ
(
sˆ−M2
ℓ˜iα
)
R(ℓ˜iα, sˆ)
uˆ
(
M2Z(2M
2
ℓ˜i1
− uˆ) + uˆ(s−M2
ℓ˜i1
)
)
−
∑
α=1,2
L2i−11α L
2i−1
11 Z
α1
ℓi
ZdR sˆ
(
sˆ−M2
ℓ˜iα
)
R(ℓ˜iα, sˆ)
tˆ
(
M2Z(2M
2
ℓ˜i1
− tˆ) + tˆ(s−M2
ℓ˜i1
)
)
+
2|L2i−111 |2ZuLZdR
uˆtˆ
(
2M2Z(M
2
ℓ˜i1
− tˆ)(M2
ℓ˜i1
− uˆ)− sˆtˆuˆ
)]
, (C.4)
where in all the above equations
p2cm =
1
4sˆ
[
sˆ− (m1 +m2)2
] [
sˆ− (m1 −m2)2
]
,
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and m1, m2 are the masses of the final-state particles. The couplings for these processes
can be found in TableA.4.
In the Monte Carlo simulation all of the cross-section integrals are performed using
the multi-channel Monte Carlo integration technique described in Chapter 2.
C.2.2 Resonant Slepton Production followed by 6Rp Decay
There are four processes in which we can produce a resonant slepton via 6Rp which then
decays back to Standard Model particles via a 6Rp decay. These are:
1. dj d¯k −→ dld¯m;
2. uj d¯k −→ uld¯m;
3. dj d¯k −→ ℓ−l ℓ+m;
4. uj d¯k −→ νlℓ+m.
The first two of these processes only require non-zero LQD couplings whereas the second
two require both non-zero LQD and LLE couplings. The matrix elements are presented
below for an arbitrary number of non-zero 6Rp couplings:
|M(djd¯k → dld¯m)|2 = 1
4
∑
i,n=1,3
λ′ijkλ′ilmλ′njkλ′nlmS(ν˜i, ν˜n, sˆ, sˆ)sˆ
(
sˆ−m2dl −m2dm
)
+
1
4
∑
i,n=1,3
λ′ijlλ′ikmλ′njlλ′nkm
(m2dl − tˆ)(m2dm − tˆ)
(tˆ−M2ν˜i)(tˆ−M2ν˜n)
; (C.5)
|M(ujd¯k → uld¯m)|2 = 1
4
∑
α,β=1,2
∑
i,n=1,3
λ′ijkλ′ilmλ′njkλ′nlm|L2i−11α |2|L2n−11β |2
S(ℓ˜iα, ℓ˜nβ, sˆ, sˆ)sˆ
(
sˆ−m2ul −m2dm
)
; (C.6)
|M(dj d¯k → ℓ−l ℓ+m)|2 =
1
4Nc
∑
i,n=1,3
λ′ijkλ′njkλilmλnlmS(ν˜i, ν˜n, sˆ, sˆ)sˆ
(
sˆ−m2ℓm −m2ℓl
)
;
(C.7)
|M(uj d¯k → νlℓ+m)|2 =
1
4Nc
∑
α,β=1,2
∑
i,n=1,3
λ′ijkλ′njkλilmλnlm|L2i−11α |2|L2n−11β |2
S(ℓ˜iα, ℓ˜nβ, sˆ, sˆ)sˆ
(
sˆ−m2ℓm
)
. (C.8)
C.2.3 Resonant Slepton Production followed by Higgs Decay
There are a number of processes which can occur via the production of a resonant slepton
followed by the decay of the resonant slepton to either a neutral or charged Higgs:
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1. dj d¯k −→ ℓ˜∗iαH−;
2. uj d¯k −→ ν˜∗i H+;
3. uj d¯k −→ ℓ˜∗iβh0/H0/A0.
As we only include processes where there is a possibility of a resonant production mech-
anism, the process dj d¯k −→ ν˜∗i h0/H0/A0 is not included. For the same reason we also
have not included the processes uj d¯k −→ ℓ˜∗iLh0/H0/A0 for the first two slepton genera-
tions. This is because HERWIG does not include left/right sfermion mixing for the first
two generation sleptons and the initial state only couples to the left-handed slepton. The
process uj d¯k −→ ℓ˜∗i2h0/H0/A0 is also not included for the third generation (i = 3) as there
is no accessible resonance.
Since the matrix elements have the same form for all the neutral Higgs processes we
use the notation Hl0 where l=1,2,3 is h0, H0 and A0, respectively. The matrix elements
for these processes are given below:
|M(dj d¯k → ℓ˜∗iαH−)|2 =
g2λ′2ijk
4Nc
[
|Hc
ν˜ℓ˜iα
|2sˆR(ν˜i, sˆ) +
4|L2i−11α |2|Dcj |2
uˆ2
(
uˆtˆ−M2
ℓ˜iβ
M2H−
)]
; (C.9)
|M(uj d¯k → ν˜∗i H+)|2 =
g2λ′2ijk
4Nc
[∑
α=1,2
|L2i−1iα |2|Hcν˜ℓ˜iα|
2sˆR(ℓ˜iα, sˆ) + 2L
2i−1
i1 L
2i−1
i2 H
c
νℓ˜i1
Hc
νℓ˜i2
sˆS(ℓ˜i1, ℓ˜i2, sˆ, sˆ)
+
4|U cj |2
uˆ2
(
uˆtˆ−M2ν˜iM2H+
) ]
; (C.10)
|M(uj d¯k → ℓ˜∗iβHl0)|2 =
g2λ′2ijk
4Nc
[∑
α=1,2
|L2i−1iα |2|H lℓ˜iαℓ˜iβ |
2sˆR(ℓ˜iα, sˆ) + 2L
2i−1
i1 L
2i−1
i2 H
l
ℓ˜i1 ℓ˜iβ
H l
ℓ˜i2 ℓ˜iβ
sˆS(ℓ˜i1, ℓ˜i2, sˆ, sˆ)
+
|L2i−11β |2|Dlj |2
uˆ2
(
uˆtˆ−M2
ℓ˜iβ
M2Hl0
)
+
|L2i−11β |2|Dlk|2
tˆ2
(
uˆtˆ−M2
ℓ˜iβ
M2Hl0
)]
. (C.11)
The couplings involved in the various processes can be found in TablesA.6 and A.7.
C.3 UDD Processes
C.3.1 Resonant Squark Production followed by Weak Decay
There are four processes which can occur via the production of a resonant squark followed
by a weak decay of this squark:
1. djdk −→ d˜∗iβW−;
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2. uidj −→ u˜∗kβW+;
3. djdk −→ t˜∗1Z0;
4. uidj −→ b˜∗1Z0.
Again we do not include processes where the resonance is not accessible, i.e. djdk −→ t˜∗2Z0
and uidj −→ b˜∗2Z0. The matrix elements for these processes are given by
|M(djdk → d˜∗iβW−)|2 =
g2λ′′2ijk(Nc − 1)!|Q2i−11β |2sˆ2p2cm
2NcM2W
[∑
α=1,2
|Q2i2α|2|Q2i1α|2R(u˜iα, sˆ) (C.12)
+2Q2i21Q
2i
22Q
2i
11Q
2i
12S(u˜i1, u˜i2, sˆ, sˆ)
]
,
|M(uidj → u˜∗kβW+)|2 =
g2λ′′2ijk(Nc − 1)!sˆ2p2cm|Q2i1β|2
2NcM2W
[∑
α=1,2
|Q2i−12α |2|Q2i−11α |2R(d˜kα, sˆ)
+2Q2i−121 Q
2i−1
22 Q
2i−1
11 Q
2i−1
12 S(d˜k1, d˜k2, sˆ, sˆ)
]
, (C.13)
|M(djdk → u˜∗i1Z0)|2 =
g2λ′′2ijk(Nc − 1)!
NcM2Z cos
2 θW
[∑
α=1,2
|Q2i2α|2|Zα1ui |2sˆ2p2cmR(u˜iα, sˆ)
+2Q2i21Q
2i
22Z
11
ui
Z21ui sˆ
2p2cmS(u˜i1, u˜i2, sˆ, sˆ) +
|Q2i21|2Z2dR
uˆ2
(
2M2Z(uˆtˆ−M2u˜i1M2Z) + uˆ2sˆ
)
+
|Q2i21|2Z2dR
tˆ2
(
2M2Z(uˆtˆ−M2u˜i1M2Z) + tˆ2sˆ
)
−2|Q
2i
21|2Z2dR
uˆtˆ
(
2M2Z(M
2
u˜i1
− uˆ)(M2u˜i1 − tˆ)− sˆtˆuˆ
)
+
∑
α=1,2
Q2i2αQ
2i
21Z
α1
ui
ZdR
uˆ
sˆ(sˆ−M2u˜iα)R(u˜iα, sˆ)
(
M2Z(2M
2
u˜i1
− uˆ) + uˆ(sˆ−M2u˜i1)
)
+
∑
α=1,2
Q2i2αQ
2i
21Z
α1
ui
ZdR
tˆ
sˆ(sˆ−M2u˜iα)R(u˜iα, sˆ)
(
M2Z(2M
2
u˜i1
− tˆ) + tˆ(sˆ−M2u˜i1)
) ]
,
(C.14)
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|M(uidk → d˜∗j1Z0)|2 =
g2λ′′2ijk(Nc − 1)!
NcM
2
Z cos
2 θW
[∑
α=1,2
|Q2j−12α |2|Zα1dj |2sˆ2p2cmR(d˜jα, sˆ)
+2Q2j−121 Q
2j−1
22 Z
11
dj
Z21dj sˆ
2p2cmS(d˜j1, d˜j2, sˆ
2, sˆ2)
+
|Q2j−121 |2Z2uR
uˆ2
(
2M2Z(uˆtˆ−M2d˜j1M
2
Z) + uˆ
2sˆ
)
+
|Q2j−121 |2Z2dR
tˆ2
(
2M2Z(uˆtˆ−M2d˜j1M
2
Z) + tˆ
2sˆ
)
−2|Q
2j−1
21 |2ZuRZdR
uˆtˆ
(
2M2Z(M
2
d˜j1
− uˆ)(M2
d˜j1
− tˆ)− sˆtˆuˆ
)
+
∑
α=1,2
Q2j−12α Q
2j−1
21 Z
α1
dj
ZuR
uˆ
sˆ(sˆ−M2
d˜jα
)R(d˜jα, sˆ)
(
M2Z(2M
2
d˜j1
− uˆ) + uˆ(sˆ−M2
d˜j1
)
)
+
∑
α=1,2
Q2j−12α Q
2j−1
21 Z
α1
dj
ZdR
tˆ
sˆ(sˆ−M2
d˜jα
)R(d˜jα, sˆ)
(
M2Z(2M
2
d˜j1
− tˆ) + tˆ(sˆ−M2
d˜j1
)
)]
,
(C.15)
The coefficients for these processes can be found in TableA.4.
C.3.2 Resonant Squark Production followed by 6Rp Decay
There are two processes in which a resonant squark is produced via the 6B term in the
superpotential where these squarks then decay to Standard Model particles:
1. djdk −→ dldm;
2. uidj −→ uldm.
The matrix elements are given by
|M(djdk → dldm)|2 = (Nc − 1)!
2
4Nc
∑
α,β=1,2
∑
i,n=1,3
λ′′ijkλ′′ilmλ′′njkλ′′nlm|Q2i2α|2|Q2n2β|2
S(u˜iα, u˜nβ, sˆ, sˆ)sˆ
(
sˆ−m2dl −m2dm
)
, (C.16)
|M(uidj → uldm)|2 = (Nc − 1)
2
4Nc
∑
α,β=1,2
∑
k,n=1,3
λ′′ijkλ′′lmkλ′′ijnλ′′lmn|Q2k−12α |2|Q2n−12β |2
S(d˜iα, d˜nβ, sˆ, sˆ)sˆ
(
sˆ−m2ul −m2dm
)
. (C.17)
C.3.3 Resonant Squark Production followed by Higgs Decay
There are a number of processes which occur via the production of a resonant squark
which subsequently decays to either a neutral or charged Higgs. Again we only con-
sider those processes for which a resonance is possible, i.e. we neglect the processes
djdk −→ u˜∗iRh0/H0/A0 and uidj −→ d˜∗iRh0/H0/A0 for the first two generations and the
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processes djdk −→ t˜∗i2h0/H0/A0 and uidj −→ b˜∗i2h0/H0/A0 for the third generation, where
we consider left/right sfermion mixing as these processes cannot occur via a resonant
diagram:
1. djdk −→ d˜∗iβH−;
2. uidj −→ u˜∗kβH+;
3. djdk −→ u˜∗i1h0/H0/A0;
4. uidj −→ d˜∗i1h0/H0/A0.
Due to our notation for the squark mixing matrices in the case of no left/right sfermion
mixing the right squark is denoted as the second mass eigenstate. The matrix elements
for these processes are given below:
|M(djdk → d˜∗iβH−)|2 =
g2(Nc − 1)!
4Nc
[∑
α=1,2
λ′′2ijk|Q2i2α|2|Hcu˜iαd˜iβ |
2sˆR(u˜iα, sˆ)
+2λ′′2ijkQ
2i
21Q
2i
22H
c
u˜i1d˜iβ
Hc
u˜i2d˜iβ
sˆS(u˜i1, u˜i2, sˆ, sˆ) +
4λ′′2jik|U cj |2|Q2i−12β |2
uˆ2
(
uˆtˆ−M2
d˜iβ
M2H−
)
+
4λ′′2kij|U ck|2|Q2i−12β |2
tˆ2
(
uˆtˆ−M2
d˜iβ
M2H−
)]
; (C.18)
|M(uidj → u˜∗kβH+)|2 =
g2(Nc − 1)!
4Nc
[∑
α=1,2
λ′′2ijk|Q2k−12α |2Hcu˜kβ d˜kα|
2sˆR(d˜kα, sˆ)
+2λ′′2ijkQ
2k−1
21 Q
2k−1
22 H
c
u˜kβ d˜k1
Hc
u˜kβ d˜k2
sˆS(d˜k1, d˜k2, sˆ, sˆ)
+
4λ′′2kij|Dci |2|Q2k2β|2
uˆ2
(
uˆtˆ−M2
d˜kα
M2H+
)]
; (C.19)
|M(djdk → u˜∗i1Hl0)|2 =
g2λ′′2ijk(Nc − 1)!
4Nc
[∑
α=1,2
|Q2i2α|2|H lu˜iαu˜i1 |2sˆR(u˜iα, sˆ)
+2Q2i21Q
2i
22H
l
u˜i1u˜i1
H lu˜i2u˜i1 sˆS(u˜i1, u˜i2, sˆ, sˆ)
+
|Q2i21|2|Dlj |2
tˆ2
(
uˆtˆ−M2u˜i1M2Hl0
)
+
|Q2i21|2|Dlk|2
uˆ2
(
uˆtˆ−M2u˜i1M2Hl0
)]
; (C.20)
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|M(uidk → d˜∗j1Hl0)|2 =
g2λ′′2ijk(Nc − 1)!
4Nc
[∑
α=1,2
|Q2j−12α |2|H ld˜jαd˜j1 |
2sˆR(d˜jα, sˆ)
+2Q2j−121 Q
2j−1
22 H
l
d˜j1 d˜j1
H l
d˜j2d˜j1
sˆS(d˜j1, d˜j2, sˆ, sˆ)
+
|Q2j−121 |2|U li |2
tˆ2
(
uˆtˆ−M2
d˜j1
M2Hl0
)
+
|Q2j−121 |2|Dlk|2
uˆ2
(
uˆtˆ−M2
d˜j1
M2Hl0
)]
. (C.21)
The coefficients for the various processes can be found in Tables A.5 and A.7.
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